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switching time included in a first half period of the one period
1s equal to the second switching time included 1n a second half
period of the one period.

6 Claims, 15 Drawing Sheets

Fs
-
ffff
Ty

.
. , I
Wi el Aeivis Pl et A sl g R TR 1R

A

H - hL: I
.l"'.rr'- : ’r H » -
. s i ; W
o
B o~ e : .-ﬁ-‘h‘;‘:n E N n
L
ST | xr H E
v r 4
" L
r

AN

T

LM AR Y BT WYY AR L AT LT TRT LSA VL ATE e A o uar o e s G el e e f

.
L
-,



US 9,197,137 B2
Page 2

(56)

References Cited

U.S. PATENT DOCUMENTS

0,330,170 Bl

7,701,740 B2 *

2003/0095424 Al
2009/0231896 Al
2009/0323380 Al
2014/0226386 Al
2014/0233280 Al

LS
3
3
LS

12/2001
4/2010
5/2003
9/2009

12/2009
8/2014
8/2014

Wang et al.

Yamanaka .................... 363/149
Oates

Barbosaetal. ............... 363/131
Harrison ........ocoovvvvvenen, 363/126
Saitoetal. ....oooovvvvvinnen, 363/132
Saitoetal. .......oovvvviininil, 363/37

FOREIGN PATENT DOCUMENTS

AR ECE R

~ A
CC G

02-131368
07-007944
08-107672
2000-299984
2001-298953
2003-528562
2006-020384
2006-246673
2010-263702
2 265947 C2
2349 019 C1
2414043 C1

P g g g g i

5/1990
1/1995
4/1996
10/2000
10/2001
9/2003
1/2006
9/2006
11/2010
12/2005
3/2009
3/2011

OTHER PUBLICATIONS

Yoshiya Onuma et al., 50kVA, 125A Sanso Tanso Matrix Converter
o Tekiyo Shita Koshuha Link AC-DC Converter no Jikki Kensho,
Heiser 23 Nen National Convention Record, I.LE.E. Japan, Industry

Applications Society, Sep. 6, 2011, 1-80, pp. 1-403 to 1-406.

Young L1, “Direct Duty Ratio Pulse Width Modulation Method for
Matrix Converters”, Chonnam National University, 2009, 186 pgs.
Korean Office Action dated Jan. 21, 2015, 6 pgs.

M. Saito, USPTO Non-final Office Action U.S. Appl. No. 14/342,858
dated Jan. 23, 2015, 16 pgs.

M. Saito, USPTO Non-final Office Action U.S. Appl. No. 14/342,878
dated Feb. 5, 2015, 14 pgs.

U.S. PTO Notice of Allowance, U.S. Appl. No. 14/342,858, dated
Jun. 2, 2015, 10 pages.

U.S. PTO Notice of Allowance, U.S. Appl. No. 14/342,878, dated
Jun. 19, 2015, 9 pages.

Hara, H. et al., “Improvement of output voltage control performance
for low speed operation of matrix converter”, 2004 35” Annual IEEE
Power Electronics Specialists Conference, Aachen, Germany, Jun.

20-25, 2004, pp, 2910-2916.

* cited by examiner



7
4

A TT
Lo sa,

L] IS

‘h""““"‘“

...b.-..
ll

US 9,197,137 B2

o

gon

W3
7

r Nﬁw ..u.,._.ufrn.._ ._r._uu
. ! m . e M
. Tea, -, -
: w.ﬁﬁ . ;
-..-,.. .fa_...}_ .._.._.,_,._._._ ' " . s M . -
s G A e EEa fEEgs AE T Eam: mE ll“._rnnwl..u_l —wrm ...__Ha-..ﬂ i ..l.lun_ ol ”#H w .”_\lmn Sy o .___..____,..._1.__...____.._3____.. P l.n-._“-.___ . ,-__ 4 .______...____t__t A, pgingt, gl Q...__l__.n._._.p m-. m.\mh m
v wrwrwrard _..u..__ .__._aq._. . a LA .
., - mm , .
H , N .._\“..W.....
Y, - .
: A T
w gk
m %
\f, : ¥
Yo :
S : i
= vy w k
T
— o : o, B 8
: L e, 1
<P - : “ et
~ §33 : e 3 P P
_— s : Ficeme gy
»
M N
o 3
: H f
; i
m r 3
: b
To : 1 o “
o m " £y 2 0 R m
— § ; % it ¥
t . : ; _ " y ) .__.__
& P .. . / 1 _““ e : g ., m,, .
Ve o o - . ' * .
4-_., : .m. : 4 £ s/ ' .“.mw R A .. i
2 g ; r ﬁ..tt..._..._,_n,.____..._.t__.ﬂ__.. A :{Eill;;tu}iim‘wiiuﬁttg.h{ifu}u}nniﬂhm{ Py E.ig_ﬂumnh-arﬁ_.h.hhmqh-. res . .
P ~ y H Y ; P 4 *...ﬁ__. __.,,“ . _.. .. o
; y , PR ; JAN A ¥ o -
V o d ’ - ; 4 PR ; T e 4 s ~
p o \.\... P L ! ’ p) ___.__ k.m. r s - ' S
: ; LI . ! -
M N d ..\_- m“m K.\_. P .“.......\_1 .-.__"_. W mﬂr ..__.________r h___._ ..____.\.\. .-..“ _m .“m m .“..‘- r.n:..-tu._._
2 | a , ; . + ) W ' '_- 1 A e,
h__..m \;\ aa.-\.\\ .. \\ \....____ u..__.. "_._“_ ._..,.._.___ .q . ..“_. " -__ _w___. 5__.__,._. )
m .n_.“_“ q..._.._k\‘\ ) " . m m.__ M N.N.mwﬂ\mﬂw w J. a-.___..' _____n m&maman
L2 5 gk gy L S e
& ~ Lo BBy AN
4 . ] ‘ -.._r-..

v

?;
Rk

W .

ﬁ .

Mrenieasanen

U.S. Patent

Emm

o

e}
o
€)

a
L 1.1.*\.\"'-"1-"1"\.. A T e, e ey, e,
¥

A

A

1
e e e e ke ke ke P

e e -?
.

|
» e e e e

":"‘1-.'\-.'\-.-.-.'\-.'\-.-.1-.'\-.'_. +
*

LBy

zads 73

B
&

. 8

T R R TR TR \l.l £ =TT T T T -

y
=

"
\ "

y

th

R ;‘\l._ e e e e e e e e Y

kY

¥



art, gt gy gyl gyl Kl Egi K- EEE

US 9,197,137 B2

AMRLLYTY

Sheet 2 of 15

-
e

ool

Nov. 24, 2015

U.S. Patent

ﬁ.._l.r.\..lrl._ gyt Ryt TRy FE Ly EAA) BLAS: Bas _I..ul ENE FEF - EEF FFFE TFEFF e

ABE AESE ANN NEF CEEF EEE TFFS _...l.ﬁ un_-_:-_:. Frw: puw see e oFofel “efofw ol Fuale FuiFgfe U, U WPel Perd e s

-.-.n.-ll___ll.-.-llllllll.l.-.-“.-“l

lllllll

W WEE EWY WMWY HEEY IMET AN OWHN wwR wwE www rwielr reiers el R R % RS RN R

Iy gty mpigly  dglaly gy e, lgled, Gyt pbpier nplpie inglyly  bglyly  Blyh gyl glgdud iyl d R, RhEE REE BERE EERE EEE 3

L
lllllllll
LK

TxnRwuan

/A 7
o g

:
:
;
;
Fa
“
m

-
u
O R R R R R e o

Y T Py Fen Fifu Folfof oty ol walar uala el .\IW_-___._ Palury et gl gieglegl  gleghogl Rk ._.ln_..ln




U.S. Patent Nov. 24, 2015 Sheet 3 of 15 US 9,197,137 B2

ALY Y

- LI B B B B B B B B BN BN BN DR BN LI I B B B B B B B |

.':'.
‘\\\- =E= - WEE WY AW AW TR OTEEY LW OEWE OEEY MW WWW WWE awwr rMMY OYTRMW www wwm wws woww vwwe sl wiwiels e v"r‘-:.'li‘r‘ e ey

L

P

e mfimn G G G AAd HAd SES S SEE AN AEEE FENE TEWT.

[

o
L -
- W [ - - Y

| ] L] -
F
: APPPPPPPPPPPIPPPPPNPR
L

LI ] LI L 4 b ko kA h ok
A8 .

’

\“h £ e e e T B e e B e

-
LB I B B B B B B L HE}

e

- L
b EERE LEBE . EBEE EBEE LERERF AERET AERE-TEE EEE EHEE BERE 3 Ak A6ET 15T 15T TS E S S . . EES L SEY LIEEF ITET ITEW INMETMt TET e e 1 'I.‘h

-
L L I |
4

[

b
iyl byl gy gyl Sglyly  Sylyl, gyl glyh gl gyt Ryl .%mm#ﬁ-wmu&w-ﬂﬁwwww *
LI 3 i:l
L]
L]

I

FEw rrw wer wew wrta S et Satal. dafet i way ey afafiy Safafy  Pafyly Ryl Ryl Ryfygh H-'mwww-r'i Em-m AL ST S S T W R g e A
L)

T

kol ol Halad Hald A Hala fEEa JEEs TEXE: EEE . FEX .J

" FFrF PP FFrFPFPFFFPFFPPFPFPFPFPFPFPPFFFFPFPFFFFFFFFFFFFRF S
T

b e, Apm das mas mpas Kas cpia Smks Huks XL

i o R R, R, R LR REE RN i b -

LE SN 4 EHE"T LEST - 1EE .S EEE WU HEET EEN AT 4



A AT A AT

W F o F W

- tttt‘t‘t‘t]

US 9,197,137 B2

MY

AVAYAVAY/

m
|
*

43] Q m e = T —
DRI RO oK Re T PP — _
e e e DA W S5

T

m

"l:"l:‘t"l."l:‘t‘:"l:‘t‘:‘t‘:‘:‘:ﬁ\“

e FL| oniihaom |- Al o]
i &EEE.EE 372 t8K . 3t | iR e L
%0 mm@ﬁmmﬁ _. HOLOFADHEZ | *TT |HOLI3A 30VAS | %5 | SANGH00

- S .o m
H\w ..h : - y t\l\\\ﬂq\\\\\\\\\\\\\\\\\\
: » &
. " r
) : ." b
A - . 4 4
» X ) '.l
. 1
__.
. r
e

jﬁ '

Sheet 4 of 15

WE\\..\\.\.\\.\.\.\.\.\.\.\.

:
IEYL WML
wﬁmmtﬁm

Nov. 24, 2015

M e o o o o o o o o i P M ™ e e e e e e

] | B O AMOS

W A WA

r.._.
,

-H."'
-t

g
%
Fi

4§ mw

"'";1.'-

U.S. Patent
=



U.S. Patent

Nov. 24, 2015

INTTIAL
STATE

?392

-
LI B B B BN DL BN BN BN BN BN OO BN BN B BN BN B BN BN BN |

T e eew T TR

o T Farr

of of »

Tl TR BPAF RRES PARAA E,

B Farar Frir

o ar e

- roam o r sl i e mle dn e i

Pt

L IIE BE BAE B BAC BEE BT BNL BAE B )

*

*
»

-

\
A

T o rTrTr Sy e

B F kP ko kPR

LN o o o

—

FEF O RFPAPR RREF RFEF EPRE

o

Farar Farr

o o

-

-

Sheet 5 of 15

L B B B B

.

P,

T

oy
-

WL
WA, Yy
Lrorr RS
P,

FFE¥Y Fev rrrvr Ser
e N R . T N o o RS

]

L]

.

L |

-

k|

|

L] L]
b 'I|
L L]
L] n
.J.I.J. h

) ) R .

1 o
L W
1 L
1 L]
1 L
1 L]
i L
1 L
1 L
1 L
1 L |

K .
1, .
L .
L .
K .
I" -
\ .
! .
.7 .
\ L]  h ko h k% ok ok kW %k h h kN kNN
1
N ;
by L
" L,
L L
" 5
» ;

Tt
-

LI I I I R IR R R LR R R R R L R R RN RN

L R

FEEX FXE FYrFr FFY¥ FTr¥? Frrv

o

. retwt ApTel eyl SFAF SR g,

o ol ¥

o o -

L]
L ]
-
-
L ]
-
-
L ]
-
: :
* .
-
-
: :
* %
-
L ]
: \
* "
[ ]
1 N
L] L
4 m
1 L
1 L |
k -
1 n
1 W
[
L] -
1 %
1 n

——
L F N ]

-
e ol

US 9,197,137 B2



U.S. Patent Nov. 24, 2015 Sheet 6 of 15 US 9,197,137 B2

st
-
d
F |
4
A
/ A
d
4
r ]
1
4
[}

5 s
- ;oo 3
%5 .-:"f o {'ﬁj ) d Ey -E
;3 - o e UV 50 " e R
x‘\, ;38 H‘\xhy d ¥. iy
\ g ? e g
\ ‘__,*' ._ s

. AREA 5 S

"I".‘\..\..n..\."l, T TR TR Mol ek S gl gl eyt gy, gy, gk, ik SRS A A BN

Vs Vg



US 9,197,137 B2

Sheet 7 of 15

Nov. 24, 2015

U.S. Patent

UG USE WIS

.ll‘.b.- g a

ulg usg wig 100,/

i dsg dig DOL

g

|
k ¢
Lt
-._..-.u




US 9,197,137 B2

Sheet 8 of 15

Nov. 24, 2015

U.S. Patent

L e e e e O N

L N T T B e T e e B e i e

LI ]

4 F f 4 FF F F F FF FF Fdddd ddddadadd ‘ - ¥ .. ‘ l 1
: : ‘ : : / ‘ ﬂ : . “ : . : ;
r - ol .
: * : ﬁ : Y : ] : _ ! : “ _
" X . M . b 1 . ' f y A ;
¥
" b 4 ’ y r . ’ " ! " 4 ! : - y '
4 ' p H , m ¥ 1 . r ' p 4 i
' ’ r ¥ ! ’ ' !
u ! ’ r -l f .u 4 -
F ¥ h..i..i.i..i.u.i.il.i..ll.i”.l.lilli IIIII Y ll..-.rl.lll.l_.l_.-wl_.l_..!_.ll.\.l!.“lllu.\lll- = .-...l...-h"hi...-..h..-...-..-..i...-...‘..i.l FFFFFFFFERNERENL N LY XY | M—.llll.ll.l“l..lllll.ﬂ.ll.ﬂl.ﬂl.l..."..ﬂl.l.l.l.!.l.l.l.l...ﬂh.- .-hhnnhhnnuhnn....L._.|-|...|-|.__.L_u.|r.._l._llt|hlhlhmhlhlhlhlh.l.\hllL.\.l.I..l."“..!.I..l.h.h..!.l..!.!.-..i..lL...-.1.1..1.1.11.1.1.1.1.1I._"..1.1.1.1I.11.1I IIIIIIIII “.
: " / u “ “ : _ ﬁ : : / u ,“ o _
b f r ) ¥ ! 1 i b r i 4 !
r s ¥ . . p ] { d ] / M r 1
: ’ ’ " ! “ o 4 y 4 1 !
_ . . b p : ! ‘ _ L r ’ ! _ b
b . b 7 ’ ! r " ' / 1 :
b ; ’ . ’ ' i’ 1 d ; 4 ‘
[, R F " I 1.1111!!__...._..._....1“_._.._. IIIIIIIIII Wll.lll..-_...__.._..l_.h..__..._.h..\.._...a.\.‘... -__Ehhhhhhhhhhhih.l-“._.._..u.u:_..u.u.u.u.u.u.u.t... "_.:_..l-.ll.llil.......l!l...l...i..................il....l.___ IIIIIIIIIIIII l:l:kl_.hnwl_.l_.l_.._..t._.“....l_.t..q..q.n.n.1..__.............-_..-_.......\.-_...-_.......-1—
LR R R T NN W Ny N .-.-Iu-.._u.-.-_-.ulT Ll pt o " o’ [ ] ] [ ]
A 4 r ’ ] 4 ! -
H " / i “ “ m u ¢ ’ r . 4 “ H
i r [ 4 ¥ |y d 4 4 ¥ y k
i ] A ¥ ! i u r . r y | ¢
“ " : : “ ¢ : " : : : " :
v ’
III...__..._...__.ll.l..l...-...ﬁh.“..i.i\..-\\\\.\-l hhhh\hhhhhhihiiiii“i TR E R L E R LR LR L - kh+kkhhh\\\ﬂ\\#\\kﬂ\1\ mh.._...\.-_..-..._..\..ulu_._u_t“_.:_.:1u_“_.:-:1u.u_l-.__ul........_.._........._.__.......__.._..Il."_“..lllllllllllll_.-._ln..l|-_....._.-_.._..._..l_.l_.l..-“.l..-.._...q.%\\\ﬂ\\\ﬂ\uﬂﬂ\\\\\ﬂiﬂ\iﬂﬂ ..-..“
f ' 1 _.. . » .“ 4 ’ 4 . A “ '
‘ " " r ' r r i r p) 1 ¢ I I v 4
' ' . ! : . g : 7 " ’ i . y o . b
f ¥ 4 » / Iy Iy ol ¥ y ¥ 1 1 ¥
“ ¥ 4 v - . “ f ¥ a ¥ ' ' '
¥ A [ F fr M r A . o 1 . 1 r
s 4 1 . ’ o f “ 4 ' A p | ) '
1 A A b !
.........-........-u..ﬂ..—.mu-u._ .y .1.1.1.1.1.1.1.1.1.1l.I._-“lllIlI|IIlIII+Illnﬂhhhﬂtk\\.%\\ﬁ\\\f\-l\ “ ..._...I..-...-..-...-...-..-...-.._....-...-.._..“ “.._.._.._..._...__..__..Im- IIIIIIIIIIIII .—-___..__.l_.l.l_.l_.Nkkkﬁ\\\ﬂ.\\\\\.\\\\\\\\ v _Etlhhih ..-...-..-...-..-...-...-...-...11..1._“_._1.1111‘1111111111111“
Pl e r o F r ¥ r k
’ ’ : i u y ‘ # p v . " “ } 3 .
’ 7 p 1 i " a r r “ ol i . b i 1 *
’ 4 I r 1 i o A ’ ’ | ¢ 1 ¥ ] i 1 ¢
s - : 1 - o u ) ’ 4 ] . ¥ i " I [ ' H
a f ‘ 1 f ‘ Y o A ’ ,__ ¥ i " b £ I '
/ ! A 4 A 5 o A y ! A u. ¥ i o b f i ! ’
: : : “ : : : “ P ; _ : : , : _ "
uuuhhhh“hhhniuu_u._._ . P lTlnu..kkkkuh\\u..“_.\\\H.q\ f ._:...h?un\\_q.q.qn\hnnnﬁnna 111111111111111 -____" wh\hht\\,.\\\\l\\\.\\\ - mhuhhhihhhhhhhhhhuu:._ututu_._tuu_!._-u-.-____1..|._.._.._......._.....l....ﬁi...1l|||||||+.||||.|-_.h._ihh._.._i.1t\.\"
EEFEL L RE LT L] T d 1 [ ry ] [ 1
A i i ’ M a A ¥ v ! . . ’
Y ’ y p - i ) “ “ ! I L b i .. .
m ) m.w : W : “ / i o . s “ “ “ y “ " “ , “ 7
Y r u p ) 1 y 3 p r “ y r “ r .
g ’ i 1 ’ : m 1 y 1- r r o b r "
A ’ . ' 4 ! ! d o ¥ ‘ o : ' A f s "
y ? . i [ y 4 u F r d f r f .
’ ' / I K ’ b ’ r
hhhhhhh\hhi%\wiii I |1.._.._.._..“.._.._. IIIIII N .;.l..l.l..h..n;l..m..-..!..-..n\.i\\\\\ - ek b ok ok A A oA oda m. VY FEFEFYy FEPEEPPERL I“._..........._.__........_. I.lllllllll.“..__. lhll..l_.Lak!ﬁﬁ\\\\\ﬁ\\\m‘\i\\-‘ : . thhﬂhhhlhhhhihhhhl_.-\u.11111111111%1111111111111# IIIIIIIIIIIII -__-_-l ll...l.ll?l.l.lllL.“.-nl.1-1.1L.....l..l.......t.l.......l.lntrn.“...rn.-rn.rnnn.-.-....n...-.f.-r.r..-...-h.r.r,l..-..-.._...-
1 A i v : "
\ A d . " 4 ' ' " ' ’ . ’ A - r
1 ¢ - y . I 4 M m ¢ 4 1 L ’ ¢ . " ' Y ' ’
. ) . . f 4 r . p £ o ¢ ’ ' 4 ¢
[ ] 4 Fy ’f A o
A “ ’ y ! ' i 1 ) # 4 ’ ' u ' "
.“. . ’ 1 A F ] B .- 1 .- o o B I b ..- ] H
: ; . “ ,. : Py | | f “ . “ . : ; . :
JF “ i “ H " “- [ 3 i o _l.“ ; -l". i o
11111.1.1-l.l._..._.._.h_........_.._......__.llll|Il...s..._....__.l_..__l_.....n..1.-_..t‘\.1.-1 gt e e ..-..-.-...-.......-..._....-...-......-.._._..111111!11t|ii%lilli|l IIIII - y l..k.._.n__.h.__..__.\.\..__..__..\.\a“ ; hhhhhhhhhhh.ﬂh\.111111111!... |...........|.....................|.__“.II._..|II._. IIIII b iuiaiutninininisinisinieil .\HHH\.\H\\\\\\\M»\\\\% ) '
_ ; .. : : [ _ : : : / : 1 : :
_ y , f i " _ _ ¢ " / 3 “ I : ! :
" A p F , r ! p . r , 4 ¢ 1 i d . p
m‘ " ,_ ! ] o . “ : 4 . 4 ! ‘ ' : :
( A u i a1 F . b H ’ ¥ v I . d
k r A 1 ]
" ; : : ._“ “ o t " : : “ : u u
. r ¥ r 1 d
||||||||||| HLI“EH&%.\L!‘UI\“\‘\“‘EE.l..-..-...-..-..l..-...-..i.\ li.i..“i..ll l.__.._-._-.l.ll..-..__-.l._-.".lllllllll.l_.l..l_.uw \.l%\lm\lt“lu\.‘l“.hlh&l.h& N “li.l.ii.il.ﬁ.‘l-l.l.l.li._llllll bbbl Al Irll.l.l.l_..__.lwl.-th.l_.k.[..nl_.l..\.\.\ltlulul-. aiatbibid 1 h‘hﬁhhhhhhhh.‘h.‘h\.‘\li‘“
’ : T v ' d . k r ’ . A . t i P 1
r 1 ¥ 1 il | ' ) t ¥ p " A ’ 1 d 4
r I r " I . [ * F - r ' ’ ' i ._
’ 1 ’ r i b ¥ 4 A ' 4 ’ ! ’ 4 1
r . ¥ ' b . ¢ r 1 p 1 . I 1 ‘
¥ 1 ¥ . ' ' ¥ ¥ f p i A . F 1 M
' 1 ’ 1 “ » ’ 4 A v 4 ’ 4 ] !
; _ ; _ . : “ 7 : : : : . ] :
o e . :.Hu“..l.l..l.h..i..i.“u.l..l‘..l _l...-.-_-_1-1._..1.|I._1.||+|...|1.I|.I1.I1.I1l.lﬂlqlll|\rl.r“11|l|l|l.rlrlt.llh.!h.!l.!i.!rlr.!.-..-...-..._...-...-...-...-..._...-...-..l.l' FEFEFEFEEERELIEEEEawd IlllllI|._.1.“.hkkkhhllﬁkﬁkkk““““““ - .i..l.l..l.l..lL..l..l.l..i..“.l..l..l..l.h..‘.i..i..\..‘.i..\‘.+1“.‘.1‘.1“.‘1L..-I_I.II-I.I.I-II.I..- lllllll u
1 r f ’ ' 4 A y p 1 “.m ’ 4 i 1
r ’ ] ] a 1
. ' ’ - ' 4 : » r . 3 ; . “ ‘ ' u
. b i . ¢ £ A ¥ ' . A 1 4 ' : ’ PP i
. / ; ‘ : ; ; . . / i ; _ ‘ “ _ _ |
] 4 ’ ’ p r ph ] ¥ ¥ a . p — r . F i
. _ f : : “ : " " n : : “ ¢ . “ :
F ¢ .
thhhhhhi\.\iluilu|___.._....._“._..._......_.....lllllth.lw‘l.._.l.._..ﬁ.ﬁ....\%\\\;;._ . hhhhhhhhhu“..hiiiiuiii|t1“_.._..__.._..........__.:1.1 llllllll I“ "....-..-.t..-...plr..“u..u..u.r.....l.ﬂ.ulﬂ.ﬂ.- arres -__-h.nhhhhhhhh.i.i.-.n.iiit1.1.1.1.-.11.!.1 ||Il|I|IIIInII“llllllI|IIllll“.,llllllI..?.__..._...__r Nhkk&k&.ﬁl.ﬁ\it‘hﬂ\.‘r\rﬂ“
N ¢ ) I ' ’ . b ’ 1 " I £ . r - i i
' ' I . 4 ’ * ¥ ' : | ¥ ' h.. i 4 .mm ”_ i
¥ " ' “ o “ ' “ - ".. ' . * ' “ ' L “ “ n .““
¥ ' r d ' 2 . » ’ i . i { ‘ ¥ i
¥ p ’ d ' ’ 5 ’ ¥ i y - ¢ f : - r | i
/ _ : B . / : " " ; ; : / . . ;
F [} [ o d ¥ h ._._
rerrrrrres l“ . ...1."_._ kkhkkkk\\\\\“\\\\\n& L_ ..-._..._-...-...n._-.“._._-.._-.._-.._-.._..u:_."_..u.-:_...-.___._-....._.._.._.._...._.._..l...._..l i s L..._..l_.l_..__.h.-__." _-.‘-.-r—.r—b-.r-l-l-...-PPEE; ..-...-.......-...-...-...-......._....-..1.1_._.“u1111u:_._u_.-_1..:1.l.l__m...__...._.._.._.._.._..._.._...._..._....___.“.llI|IIII|IIlIﬂllln._.t.n__.l.n._.l_.hnwll_.nﬂ.wl_.t..w.ﬁ.ﬁ.n._-.ﬁ.\\\ \\.\\\\\\\\\\ul-!.lulululu.___
-rEw LE R R NN LR - ) y ¥ p 1 i ’ ¥ 4
r " / u " 2 . “ " ¥ 1 . u H r u ; . ““ . )
r . 4 ) ' | y '’ . ¥ 1 p r r, r i
“ . : : . “ / : S : “ ; ; “ " ’
: i 4 i " / ’ _ : 23 ; _ ¢ . : ; . .
’ p ¢ u ' A ” ’ ¥ ¥ 1 o r r r r
: : ; i : 4 : ’ ’ ! ! . “ . '
r ] ] .
llllllllll kkh“l.iw.w!.h...-\\.\.\.\.\ 1_ “ ..-...-..-...-...-..-...-..1..1“..!.1; 1"._ilillllllll.“_l.llllllll..iHlk-ﬂ\kkkk\\\‘\ﬁ‘“\\\\\\% " ..-..n..-...-...-...-...-...-...-...-..“.-...-..-.._...1.1.1.“_.1111“.11.1.11l.ll.ﬂl.........._.__........._.l.lll “..lllIIIIlIIII.._..ﬂ..l.l_.l_.._..l_.l.l_....;.-...NL.\.“.\\\\\\\..\I\\\\ v il il
r ' ’ ' A ’ . ¥ ! o 4 . r
¥ . 2 . . y Y ¥ " I . P . ; ’ ¥ ﬂ
L) k .‘ ¥ A Fl r r ] ﬁ o F - r H..I-
" ! ’ ' A v ¥ v ! i o ’ y ' 4
¥ ’ ¥ A » bl - 1 [ " ¥ ’ " ﬁ . r
" ) ’ M A o A ¥ ’ 1 f M . ¥ ’ » '
: . ; : ; : . : : “ ; : “ ; “ i
k L
. I “......-..-..H.u...ﬂ._ﬂ. ....-.-...h.-..-..-..-..:.....-..-....-..-l“..-.- IIIIIIIIIII IllliLl_l_.nw.__.l_..__.._.._h.\..l.\\.\;u\\\-l Eluhhhhihhhhhhﬁ _________......_..l.l.ll.._-... IIIIIIIIIIII ...“..l_.l_..__.._..-_.l_.k\\%\\\“\i\\\\\\\\i\\tﬂn{uuuu.uuunn huhhhhhhﬂhhhhhhhi\.1.111111111111111ll..._....IAm
- rer e e ] " . o T
y 4 ’ o I ! r d ’
y : 1 i v YR ! v ’ ‘ A y b 4 v s ; !
. ' A i . p A #-_ i ¥ ’ i r M r 4 “ ¥ y r r
’ ' y d p i . " r i ) M N 4 ' ' ' f
. . , A y ¥ : - ) 4 . - .. p 4 4 4 y ! H £ oy .
: : 4 H ‘ 4 : : . . ; 1 : / ' : f g ;
; 4 4 : . i 4 ¥ " : p : 4 ' : f :
..-..p..-.._...-...-.......-...-..._..ﬂi.._-i.-u.u.Ii..-1l|11“..........|._. IIIIII LL...“.-...LHL.E.-_.H\\\\\\..%!.-J_! ¥ lhhh!\h\\\hﬁ.ihhhihhhi11...M..11.1.11.1.1.1.11 ||||||| Iun___ “\\h\\\\?%iEhhuhhhlhhhhhhhhhhﬁ‘.hhiih\ih.\i1i-“.l-.u.ii..-.u.l-illi_h_..l.l......lll...lil...l.l“ii._.ll IIIIIII -..l.llll..l.ll.l_...__.l_.l.l_..l..t..-_.h\.\ﬁ
] i} ¥ — v v i ¢ F ¥ 4
" p a4 r ; i y ’ W 1 ’ m . A ) ! . ! 4
’ p f] s 1 . i M v o 1 4 " 4 ’ , ’ ; £
" p d i . 1 p . » » 1 ’ r - 'R ’ 4
o p u 4 5 . ' i v o ' 4 ' 4 n " r !
o 3 p y ! . 1 p o o I ! ¥ A Y ¥ r f
" . 4 ) - . ! . o v I - ’ ’ A I ' A ¢ r
i b d [ . 1 p v o ] ’ ’ A ’ ’ ’ 4
i p y ) o b M o o 1 ’ ' 4 L ' f
111._.1._._..__.._........_.1u... IIIIIII P S m. — _...--.-hqhhhh!hhh\httllh|-_.-_l-._..i_...._._...._...._“.___IllllIlIlnlﬂkkﬂ\hhh\t\ﬁﬁ\\\\\\.—“ un_.r._.r._..._-r._.r_.r._-r.-._.._-. h-hhhhhhhhhhﬂhh1.1.11111111"- 1.....-_-..-.-.-.1-.......1“......._......._.l...il..ll "l l.l._l.l.hlll.l!l.lllﬂl!!tﬁ%ﬁkﬁﬁﬁ\?%#ﬁ[ﬂrﬁﬁfhﬁ\}hnﬂ
o “ a [ “ 1 o o 1 ’ w 4 “ “ “ . !
o p 1 [ . 1 . o ! 1 4 ¥ . : ¥ ’ A
) p 4 [ y 1 o o 1 4 ¥ p ; " ’ !
" ¢ a [ u 1 o ] 1 - r 1 ! [ . ’ .
4 ‘ p 1 X . 1 . o J 1 A ¥ : " ’ 1
M " ' L » ' “ 4 ' 4 : p H ) . . . i
u ‘ . : : : ! ¥ : : _ y ; : : : : , :
o A u I 1 u i ¥ I 5 o r
- - ol !k\ﬁ\\\\\\-l-}i:rulul..rl ..-n.._...._..-r.-..l..-r..r.-r.-_,t_hhhhhhhhh.\iiiufilili_.._..._.n...lllﬂ- IIIIIIII k._.._.hl.."_,l..-.r....n.n\.\\\\.\ \ki\.u-lu.ﬂlu.flu.;u!.lﬁ.-..fr..rn.r:.. vhihhiih.ﬂ.iuiiiiu_1-:1u.il.ﬂ_.._.._..._._........._.__.....__lll.._.“_rlllll|lllllll|“.._.HHL.._,.._..._,.._,L.._..._,._,..._.......15.1.11\\\\.1\11\ war eyt . “___-Er!hhhhﬁ
) ) 3 ' o . |
u 1 r “ ] .‘1_1 o u “ A “._ "_. . r . “ ______ - “ o i
" . 1 . ) . ' e o i 4 " " ar ! . " P a 4
p — r g H -u i o i A ¥ “ _. " i ; 4
u 1 ! 4 i i o i 4 ) f W i !
'l " 1 r } u i r - i A . . o k . r " i 1
| : : : : : . m : 3 : " ﬁ : : :
p d d ) o N ]
4 i y r r 4 " ' . x
-k ak 3 hhhhh.mhh\hhittuliii q...._.._...._..._.|l|||||l.ﬁwl1ﬂ.__.._1._1._1._1\\\\1\u.\111 ¥ ) hhhhhhhhhi\hit_..iutu |||||| l“. lllll kLkLHkLH.ﬂHHhhHNH\\\\.\-& ﬁﬁﬁﬁ\ﬂiiiﬂééthhhhhhhhh..q.._..,h..-..q..-.._...1u.u:_..u.1.___.“..1111111-.1..1-.1._.1_..._.._.....“
o t f o r [ ) ..“ o F o o i i
- o k “ ¥ : [ r i [ A " A o i i
i ] . [ ] ] r " ] ' -i a i |
1 o i ’ ¥ u ¥ I W ] u J ! .
d o r r r ' o F r o i 1
1 ‘ : ‘ ' ! v i ’ ' ? 4 s .
; ' r ' ‘ ! ' ] i ; ; ’ ! 3 “
. aq 1
s ..I...-..-...I...-..I.I.“h“‘wI.II.I.l.II.Il-.lI|1.|1."|I|Illl.llnlnlnlnlu-“.lnrl..lrlu-.ll...l-\ll..llfl.rll. .J_..r...r........r..-...-..-...-..l..-...-..-...-“.._..!hh.!h.l.l.!.!.!.l R PR SFES FE S PR E R N N N e E G EmE .- 't Il__.l_..l_..lw.l_..l“l..l_.HE‘HH\\“-‘.\L““““‘%“ = .I+.I.l..l.h..l..ﬁ.l..l.i..l..h.l..l.m..l.h..‘.i..i..‘.-..i..i..i..l..-..i..“.-.I.I.‘.il.‘.‘.i.u.Ilﬂ..li“l-‘i“‘iiiliiilrl..--. ||||||||||||||||| s
b ’ b k r F
" * h. “ . m m m " - “ 'y u ﬂl “ » “ u " " ¥
ALY x5 38 o ¢ 38 | L S h P iige | Qg | BB I PV _ :
_ . _ y A5 / 2 " ¢ { : i : T . ! : " _
F ’ ' ’ ¢ ’ d r A i I . 4 -
" N F __" - . » o “ ’ F] " A ' F] B “.
" _ : ﬂ ‘ J o : . ; : ;
: " r - r R R T e e e e e e e e e & - a5 - J s 5 s J & & &J = 23 2§ 52 285 5§ 3 58 25 & A S 58 S J 5 xS N J N A S N J S EE AR

4 FF Fy A FFFF A S A S i A dd A

Ok h EBh kW ki h h h Wk k% Rk ke h ok ow

LI ]



lllllllllllllllllllllllll

US 9,197,137 B2

P ...F..F:.F.I..h.l.-....h [ W W @. I.Il.l..lhl...l.l.lq-—rl.ﬂrlr‘.\‘-\.‘r“ N .l...l_..lN ...‘.._. m
¥ 5 z
I
F
i ; m : 3 :
1
“ } .ﬁ.i. “1.l.. y ‘\Mml_
¥ Y n £ ._l_._._n\.
1 “ Lﬂn ﬁ .-. -
“ ||.._\L rlh _nn.l a
¥
’
[ ]
: .
“ . :
[ T . z
................ - ? —
| > s
“ “ " ¥ o .'-l e
A o o . al FFFFFFFFFFFrFRFFTETrrTETwErTrFEFETrw
.I..I...-...I..I...I...I.‘I..I.Ml.l._l._l..t.ulﬂlﬂjﬁjl. o ol il I r L .I.I.'..II_T._‘. ; " ‘-T- .II“‘
‘ _...f. . ‘ " -J_.rr i " " - o T
A bt dtar 4 > ' T . ’ “ n..-l.._t . J-r
‘ “ ' "y e . : r bk Y
’ . W
% ; % : rmennsrnsr
¥ “ .4
' ¥,

. e o Pty
) m\.ﬁ-.!.} | M

g

Lacrs)

-
l“ i--..-....-"‘-..-'-ir-‘hhhhhhﬁ““h‘?yﬁ“ﬁ:‘hﬁ
'l. o E

i
o, s
J \’-:Iv'ﬂr\r\r\ﬂ-\r\-ﬁ
(Y

E e e e e e T g o e e e T e e M
Ty ww rww i el ey e e

"
-
T T e Tl T

L3
i
1
1,
i
é‘
b
K
\
q
g
‘ h
£
1
"
"
1
1
b
a1
1
1
3
+ "
’5 o
i
i
K
i
X
&
1 3
4
:
) 1""::

¢4 (9) "a{8)

Sheet 9 of 15

o
o S

Ty Yo Y e Yo T T ™ ™y e ™ T T e e

L B EECETEE L EE LR L WL WYY MR W AT T |

. Y - - Al F .-".
‘..I - .r.‘. L] g Ml ! M.‘ ﬂ ﬁm
‘ e s ﬁ : / " ,m ;
\f, : : , !
i i ’ }
L r }
_ _ “ “ r r ﬁ
0 o ol o m - " . FrFFFTTTE T .-.._I.u..-.lﬂlh‘-lutlhahl.lﬂ.mr-‘ll‘l.‘.‘.-\.-‘.‘.‘l‘lr’-f’v‘ %Jﬂ.ﬁ{.lﬂi—{.l\-\r\l\.‘. il ol i ol 2l Y - h‘."i‘
“ f‘ - .—I 1 1-'.1-‘ . L [ 1 4 4 F+F 4 +FF ‘.— + 4 " .}..l-
eriniogy ) b - .__1[__.”!.- . v l_.ltf. r r », . e
g | % ¢ 2 H v.ﬁ aﬁ ¢ % . : . 5N ..v “ " ..u\n.e y
\-.1 m v .-..I.nl._..ln_.__._. ...H.._ : .__ .l“l. ““”I.__.ln “ M r e _-ﬁI-I..l..lPhL.ll_.L.l.\hl:ht.ll.l.l_. t._..“.___..”"._._._.-_.. “
- . o e of ol ot st b _I__..r...”. ] K R s s s s s s s EE s rFFFrFETFTE T - .-..._I..l._li..u___- A ﬂ p - * n.\_. .l.!\.._-_
N \u ’ e .\...n. w\. " . R a4 : ’ m
- . o . )
4 \“ m J‘..\.".!l.llhllru\‘ __...l.‘-.. i FIFLIRGE P e r— y— A WI-_ “ “ " y i
4 3 4 wq . : R ) ’ " J -
ﬂ - ...l.l...-u o m o rery s Ty W\ 1111111111 -\lm.. nhd . ". ﬁ.ﬂttﬂhttkl.\\\x\u
¢ m ' m )
; m 1 __. r_.“_ ¥ ; Y
> ¢, % 4 < £
- y :
N m 1 ;4 ;
¥ 3 *
' F] 2 - .-‘l_-iv.. ﬁ .
2 .__.._.- ” “ [ . F r
A r F p v
v # ¥ LA
m r r “ ¥ “__
‘ rl -+ -
&.ﬁ PN ‘.i B rrrr -&1 o 1 R K Pk o oo Sl ot ot o b, .
el ol ol ol ol o ] .

e
o
R aha
RO
e U

p {8) Zp {2

U.S. Patent



U.S. Patent Nov. 24, 2015 Sheet 10 of 15 US 9,197,137 B2

l~ \
k ]
b
N \
: }
\ {
. 4
3 4
) L]
' .
¢ y
k L]
L] L
iy L |
" 4
N "
L] 1
N 1
L | 1
- ]
L] 1
L | 1
] i,
4 4
1 .
1 L
1 L
' N
1 b
1 LY
A

o
"

‘ L‘.&L_L
L]
o e e e e e B T Ll.l.l.1111111111111111'I|.'l|:'l|:'lt'lt'lt'lt'lt'lt'lt'lt'lt'-'-I'-------------l-----l----l--l---l-------r-------p-|--|--|--|--|--|-'-|--‘-‘—'—'-‘i-\-\-‘h-\-\-‘h-\-\-'h-ﬂ-ﬂ-'h‘h'h'h‘u'h------*:*:ﬂ-:ﬂ-:*:ﬂ-:*:*:ﬁ.hhﬁ AL44A4ALELLLAERERLALALET

1 [
5 . 1
L]
y : t
- .
» : ;
‘- [ ]
l.. L] t
L]
} : .
[y
T »
{ : N
0
[
LY L
x " N
L] L]
4 . .
L}
[ ]
- L]
t 4 L |
- -
k - L]
- L]
- ) L]
L% b L |
| ]
u - 1
- v E
L] - L]
L] iy 1
L]
L] Wy . 1
L] . 1
[ ]
L] " ]
[ ] [y
L] w 1
L ] o 1
[ ]
L] h ]
- ] ]
4 iy ]
L | "l LY
-
n L
L] ) ]
L] |.1‘
1 ‘e L
L]
1 gy &
1 - LY
L. .
| . 5
. L ]
] b
] Ly L]
L]
ey ey iy eyl ke v eyl y sy vty e e v e e e e e -I-I--I-I-I-I-I-I-.I-.I-.I-.I-.'I..'l..'l.'l.l..l..l..l‘l..l..'l..'l..l..'l.'l.'l.'l.“1111111‘---lr--------.-.—.qn.——._-----_l-_l-_,l-_-.,'..-"'-"n.."h."h."h."h"h."'-"'-H\‘h‘h‘h‘h‘h'ﬁ‘i“ *wﬁ_ﬁ_ﬁwuthl
]
1 0
' t A "
LY
y N . 1
4
i by ; i
L]
, A 5 }
k \
[ ]
-«. A i
1
= -
\ ; b
Y ; b
L] L ]
% Y
1]

(6]

£ Fr

Z
’
%

|
1
7
H

N * "
N A . . o Iy
: Sy at iy | ST RN Y R R AR L L LA L L 0 & & b & b b b b v‘ﬁk‘q
]
N
h L |
b N '
. 1 .
b b3 .
t e e i e ek A AALLLALALT T A LA ALALARAAR R R R F R TSN PN NN W T RN R e -- nh;-'h\-\-‘h\-\-‘h\-\-'-‘-\‘h‘\-‘h‘-‘n
-
5 1 1 M
t .
o 1
L t N
A 1 .
N 1 b
. “imaan
oy A
. 1 +
- 1 \
L I )
e e e e e e - [ T i T T i T T T i T e T T T T T, i, g, Py vy vk vy ey ey hey ey ey aleabe ey e A A A A ALARAERELTEAERAAARARRER T T T TR T FETFTEE T T
- 1
. : ! 1"‘"” h":"\-.
" by 1
4
. 4 .
¥ 4 v
r k) \hunm.!'x
h, A '
- o e g T o T T o o o o, T o T T T T T T T i T T T Mg g g ey g vy gkl s e sy i ke i et e B e A AR A AREEEA LA AR AR A A A R R AR T TR R R R T T T T R T e m o e e e T e T
o
- 9 ,q“
u W by
L]
n ~ y
" L
L]
T
1 W .
- o
1 + .
[ | Iy Iy
]
b ] -
: y
. . h
n - I-‘
1 ™ Y
: Ii

*z
{3}

L)
FY Y rY Y rErFrFrrFrryrr,

Lo T

K]
[
L)
[ .
[
AnEALRRARRERRYR R R L R ltttlltttvrrwr‘w wh\r\r\r\r\rhh
[
[ B
P :
LY

-~

i e g g ?
?
‘:‘é

[ ]
|
Fr rafes v Fv >

L L-I_-I.I.I.I.I.'I.'I.'I.'I.'I.'I.'I.'I.I. AR T TFTFTFTFTFRTEFTTFTTET T
L)

T e e e

L . -
‘111“-""I'l"-'Ir-'-'-'-pq--p-p-,--"—.-.-'l—'l-.--.'\-\-.‘l-.‘l-.‘l-.'\-.'\-.‘h.

-
r g A»

{1} ()

[}
F ]

Tl - E FoN L e F I LI P o, - = o - am roals wln wh
[ |
[ J

e A A A
L]
=

e e T

1
SIATE



US 9,197,137 B2

Sheet 11 of 15

Nov. 24, 2015

U.S. Patent

- wa A

- L N N N N N

e A L o

e,

bty g ghpr sk M AF FF FE EERiemsrocmw ww mm == omm SF S L M e

Fal

gl 1

[H_-_Et.i...‘..- FlE s & 7 8 3 8 3 8 S 8 SR F s

LI B B B B B O B B L I B B I

-
-
-
-
L
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
[
L
-
-
-
-
4
-

L L L N N N N L

Z. £

L I U N I UL N N N N N N N N N N B

P O o Y o

ey, e i, AR

+ F FFFFF SRS
L L L L L L L L

i FF FFN FE FEE wEpiwmn wmy amm mwm ma oo oat

A

LI IR B DL DR D EN IR B B R R B DR DR DR DR DR BN B IR

o
.
L
L
.
L
L)
.
L)
L)
[ ]
L
o
r
L
L
.
L
L)
-

LIF O S E F

gy s tpstyad hdht WM MK O FF O OFF L

PR mE Ew rmaomra mwm rmm amm mem Wd A FeF mam, paE, gy dphn Agiet ok i MM KX FF FF O FF O EFiTEE RS

N I I I N I I A B O B N D N N N D N I I
L N N A A N N A A N A A A A A A B A A A AN

EEEEELAEEEEEEEEEEEEELR AT TR
IR A EE EE A E A EE R NN

FEd TEER TER I Em

»

FE EER mary s

- -

4 4 845 F S F S F P EP T ESFT
f f F FFFFFFFFAFAadFFFFFT

-

-

- - -- ey wffale

LI B B LR B B N N B B

L]
a
L
[
-

-l A Wl W S AL e Yo TSy

L N N N L I O N L L L

+ F F F F F F F FFFFFF S S dFFFFFFddd

R EEEREEEEELRE R A EEEEEEEE A EEEEEEEEE A EERE LR LR

LR IR I I I I N R R R R R RN E NN R RN RN NN N

+* F FFFFF S FF S F S EE S E S EES
F F ¥ F F d d d d d d dF FFFFdaddad

FrF, FTF: TEy -S§5 FF Fs Lol



US 9,197,137 B2

Sheet 12 of 15

Nov. 24, 2015

U.S. Patent

s gt gk A A

|

TFrs FEF IFpx - -

F F F FFF A FFFT

L JEE T N I

LI L L A B A B D O DR DL B O B B B B B B B

t-.‘- L N N N N N N B N L N N L N A
- = iiililliiiililllllllllllllll

o ket ikl AS FF OFF

-

FE{ TN =gy =

4

* F FFFFFF SRS PRSP FFFFAFFT

e e R N N N N N M N W M A W WM W AN

-

-
4
L
L
.
L)
L
[ ]
L
L)
[ ]
L)
L
[ ]
L)
L
.
4

LU L L B B DL L N B B B B BN BN |

N

mw pm ey wma e Sl CAd g gt plgt med b A4 AT

AT S A L o o

ek i, hids wn.dA JEKEF AIFF R FE FF Ll s moaras wmy -

%

R EEEREEEEEEEEE R E LR LA EE EEEEEEEEEEEEEEREIEE]
LI IR R R R EREEREREEREEEREEREEREEREEREEREELREREERENENENEENEEE NN

F -

o .

o

ot

o

oty

T a

L N N N I R Y

i

‘wli

B B o o o Y P ]

LE UL U NE B e NE B B B B B B

L IE B B L B

.
L
L
r
.
L
.
L
L
[ ]
L
L
.
L
L)
.
L
L
.
[
L)
[ ]
L)
L
.
L
L
r
L
L)
[ ]
L)
L
[ ]
[
L)

- F 4 F 455 FFF 8 FF A FFFFPP

B I . T O R A

e Td A e aeyt kgt Rt ek AR AR, MR

ra

N,

-
Iiliiiilliliiiiiii

FEA FTFF rEpg 2 @g-

4 4 4 45 85 55 FFFFEFFEFFFA
iiiiiiiii‘iiiii‘ll‘

% % %" ok ohohE YR hYhhodhh A
LI B B B L DL B B B B B

- am

KA T} - FE FFE FF pr

W EEN mEs rarg

4 F f F FF A FFFFEF R - -

o,
a

LR EREEREE T IE I TETE

[ I I IR RN N!

' pat o S Aari aa

|

F o O A A

b B o S o

N
ur



US 9,197,137 B2

Sheet 13 of 15

Nov. 24, 2015

U.S. Patent

-
L 2 A
1 a ] + A
d Fl [ ] -’ ¥ “...
o L , -’ ] - A
-- L) +,
" g L L AL - '] e ¥
’ - ’ ’ .-... 4
. . L i U ] N d
._.“ . » L gl * 7
-+ L +, - [ 4 1
1 " * .-...._..—_ “ ¥ “.-._............-.-....__.__._............_.__.- lrLIFL.!
o ..-l. YW= = e A S, by g gtk o, ek e d R ’ FFEE, TARFRFEE F FETEFTER T swwmy m mmmees orm S aa e S R N et \ & A
K] - ] r -
“. " T¥ ' l. * A ._.“.-.__._...........-.__ F O Fa
rmmmrs v el s O Hararata ry phphghg, hp A AAL A AAFFE Eg Fr - FrEr vrswrsr v remes g edems W SIS S SEEES o S S DM A
- k) 4 F [ ﬁ -
! L] Fl Fl o 1 ._.l
. kL r r -.. “
" - - u o ! .
. Fl - F]
' - ) ] M W .-" .
L T ’ - r ._.
k] - a .
“_ T b u o ‘n “
L -+ ._- .
.
- » o
" - ] 4 ] A “
0 -+ Fl
’ [ ] ‘- )
-. 0 - ‘ i d .
T 1‘ .1
-
H . 4, p A :
T -.- “
-
’ -’ u. .“ ! .
* [} T P [ P - - - [ — .L I L B N B N B R B R R R N N .-i‘ H‘ .1
[pp—— "__.. el e ma s B S o Harararan o gt ghyagey g o LA ddd X .-..-..“.\..-. FOFFERER TP iEEEEs oma - +.__-._.i.-._.ii._.ii._.ii._.ii._.ii._.ii....
-" o - Fl
4 n " “. + ¥
. . .ﬁ e +
. ' .
[ EEE N ] ...Il. .-.._. . - mmmars e s Wt WS S aaes : bl A A A .-..I.ﬂt F orrrrr ocroox USRI R R AN a . S s .\rI_rl_-.rﬂt_.. =
- L]
* L]
* [l
; “ : _ “
[ “.._ ¥ J
W r - ' i
& 1 i
v ’ "
" ’ 1
! . . L
W “._. :
- il
u %- ._..- r 4
o
¢ “.- ’ r
-
| A _.H . i
+ "
+
p ( " ’ 1
L A ’
- ii - L
! 4 . . 4
i . P
. A A A A
.....-....-._...lml.v.. - APRFS 1S FEFERELIEIERERE F-orEEmT = N Y TPl A ___._.i..-.-..._..-...__ii.__i..ni F ¥E rESNs F pFprErprix pEpEpEpl e sma= L
. .
o o a .uu- & o omaadd & MAdds f) AFFEFE F O PFEFREF w - mememm rm el . AL TS S .‘_.._.__..1.._..1_..\ L L A REFFE F FEEFA T rFEEE pFiTE
._. a
) L)
d g u\ i’ u
a - .
4 A * L)
F ,
A o) q
.
. ] ]
i ¥ __.m..-.\\.I_J 1 .
. faaasax, v 0 ‘
A | .._._. 4
1
A 4 » L..
r I
A L. i
Y rYr rierms o Al o SFFES Ca piytyhtyhp =y = A AL A - s rxrs F EEFEa " ammww m |I._..._I_.l. - ermmaam = W e ata R +._...a..i+._.ﬂ._.i+._.ﬂ._.ii._...i._.ii._.i..._.ii._.“.. rot ...r.__..l,._“._“_r. e ol
k .. 1 e
+,
L Fl
+ FF S F A - L]

44 I EFF K r rFEEEE » L R - LI N L

IR EEREERE LA EEEEE EE E R R R R R E R A T E e R E N A E E R E E R R R R E E E E E E E R N A Al R L E R E E E E E E E E E E E E E E E N T N

o
o
»
L L |
1 L]
» ]
L -
» L]
» ]
L -
» L]
» ]
L -
» L]
» ]
u L -
L -
-’ -
? L -
[ '
Ve » L]
H L -
» L]
#l. E] Fl
L -
» L]
) k 4
._. » ] . i
L -
» '] " 1
u. » ]
L -
't A
f 2 : ;
-’ ']
L - “ -
.m._ , + L}
-, - [ ]
r
% L - * -
» ']
M
» ] ¥
.ﬁ - - k A
L) -
v [} '] “ 1
[ - .
[ L] '
L -._.1 " AL Td At A, Agpboboded b A A A S B Ry ) T FEFEFN 1.!1.1“1.1 F Frxgwmm m meh
- L -
]
al ] F " 1
- L] L L}
* L -
* . o
Fr “._. ¥ AT ITREPFE FiowEEmy w pmmmm o maalaw Cw e Famas ..—l.ﬂn._...._ it A AL, As “
» ]
» - h ’
4 . . [} ]
b -
» ] . ;
a4 » -
f » - k “
-’ ']
f » - " “
. : M | ] -
¥ » ]
’ " - [} L]
! ]
» L]
¢ -’ - " H
‘ L -
» - b *
’ . . [} -
' L]
L -
- - -, " b
-
! » ] e
Ak A A
TFFrFF¥ Fy r= - @ FEEEE w EsmmE orr wmams owa AW l“ “l_-. el af o o e i aik e A
o
4 -’ -
r . a I_-_II-_. ¢
T = v = T wF [ N R L T
Pl o o el ds I A FFE F FREFFyF §p pwwsrr v Ly ———— =
4 » 4 - ¥
L] - - F
-
. » L] .
L) -, . U »
.__“ -, - - L ]
L - .
e
A -’ - ~ ¥
| ]
]
% ‘ *

i
TS

Vv’
Yu®

mm rm i EmEmEEs s Smaa s oy ST
[

-
-

L
.
-

L)

. Araraf e o dSPr gt G gyt geghy R I......_.._'._.I A AALBS 4 SBFFF 'S .._....-..1“.....'.__:-. TEERFST EFowEwErF
F

o
o

ﬂr
At LE LA L L3I

e N,

3

L
-
L
-
L |

A F o F AP dddddddddd

e ek R e kR kP bR

L N B R N
4 4 f 4558 FF S FFFF S F P EFFEF

LR I U U I N N I B N B DO RO I BOE N DL BOL N DL B )
LA B BB EBEEEREREEREREEREREREEREREIEINRIEIR.]

!
+

e

PR N N N N N R R e e A A A N o =y r e m s e o= -- llﬁlﬁl....ﬂ..._.ll.l..

[

e R e e

e W

AT T EEER p I.I..I..“.I. P maEampE p pEmEmEg oW .I—.-I‘.I-.li-i ' -
4

LI IR B A A A A A R O B O B B Y 44 KRR K,

L L R

L U DL B B N U T ]
LEE BE B BE BE B B BN |

{3

K4+ da EFFFK

[

rrwwls 2 pa
A
3

L

e e



US 9,197,137 B2

Sheet 14 of 15

Nov. 24, 2015

U.S. Patent

rr i e Tr T mE - - e e o o F v ¢ gt v gl | gy gk ok, @ b b imghd b akd A 4B KK B FF., FFE AFTp} ® ....__-..q LE FF 4 EF FEFAFFET R WS mmrom crm s wems oy wms opsmm S A T A s a e
[ ] w i * Fl
1 - .
w
L ] / - o
o .“ A r “ - '
] ”
d 1 ’ f . ¥
. 3 : : :
r T " ol
i 3 r 4 bl 4
- -
.‘ ] r - d
4 » L 4
r ] [ ]
i “.I g - s - u
L I -" .ﬁ -
¥ . , .
M “ - r A “ .u
L] . M w L
ey u.- . -- P— - - - llkl“.“ A o 1‘.‘ .x o -’ .‘.‘- L H‘- .-.L L, } h {l A deder F ik b il 4 F ¥ F o 3 A F K -.-‘ FFrF, AP FSRF TEFEFF 1“.—. - L N F4TJd FESESR @E SSEE - - - &= == r - L L O L B O ‘.‘ . o -.l.‘.l
3 Ll »
. - &
.. F L]
- . A 4 4 -
4 ! ! :
A r - L]
“ A ' 4 -’
] ]
u. .- .__“‘ h .-.
i M ¥
. P a .
n. 4 L s .H :
1 u. "
ik A ..-rl..r.ﬂl. Fm FFF R *r M P A F BEr W i EpRr L. rwws imww e P R L L i I N o T o N A ol L o P o | o ey bk A s b dhd F AR FF - FEFE o FF AN IEFPFIFFRE N ww A =~ ™ -
s g e o+ ,. “ ﬁ . :
L 8 -
Fy . L [ n -
1 ]
i 1 .._ u. - u.
# . . ) *
f ..1._... e rrrrprrrrse iy R rrrrrm—r- .._..._.._..IIIIIII?. a Rkhkhhh\t\\\\\\\\‘\%ﬂ-&%— n ﬁ » _“
a r -

e - by 4y o bl W M 4 AR FIER ixp T pE. mp PR .-.l..l?n.ﬁl....lh.t..lh_1.1111_.1.__11.1.1-.\1..1....3..1-1_".._[1.1;-}l.r..lr-_.-._.rlrl..-_..-..L_. xr ..I...l.1_.l“.-.-._.._....._.._.._.._..-.-...._.._.._....._.._.._.._.._.-...._. = 1.1..-....1.%..!._-..1 -
- ¥ F “.- ”“.
i ¢ “ .1“ "

"
" t [} » ]
d Fay, . "
’ Py : + e %
.I.J‘ . L » a
I - [ . i
i f‘ r 1 L 4
] F
b I‘ .
- - '] ‘
.“ .F.E ] [ L] L]
] .
L]
F ] F]
“ ‘s.s F L i .ﬁ
[ - L]

- ll.l:lla.w_ﬁll.q._.l..l..-. P S A e o A W S A, R hidd % KRN FFAl R ipx pEEFireEr R Cremp mEmj gp = ww mopmas oy oweff omamaw 1.l-_..l_.q...-.-..__.......__.__._..-.-.__........_.__.........__...................-11 myig’ roviplgs & gepet 4 pipdk o A4 .-._.I...Ir...‘lr.lr.._-_.q..-..-.ﬂ-..-.l xar

a + -
¥ - T N
._..“ ] L + ._.m __“
. ) a A

] F -
-" * ’ A A
]
a r + A

o )

f FM [ r : ! "

L4 I EFEFLEFIrmawrES s Ewcr = & :-.-.LI 4 meru 2 wm's m o=y o= o b owhd A A dh AAR LS SFEL X TFE .I.-..l..._.._..._.._.._._.._.._._.l._. #F 1 FE 4 F= ywgyr yFaEamEgE I“H - P L T PR R R P e L ..“-l._. )

|

i ?il +
-’ A A
1 m. - i !
...“.&.._..|II|II.I.I.I.....l_.l_..._..._..-_..._.....1..__..-_...-_....1.\.-_.........1 =X hhihiiiii?ﬂ 4 J A

. ’
4 . - -.- A
. A - 1 1
L] L] .
u . h. ,

L

* . PV R L S L s 4

KN FFEANTRIE EEA pEr mw imm rers rmwmam rmay o L xr arwr rora. p e R e i mE = owEm Emaa = - - o T
] a K
a a ] L] A
._-. [ L] L]
. . !

r [ 1
“ : ‘ :
r - r
" r -, [
o w
_ of L]
' . r ' ]
I L] * L] a
- . 1
] ol r - ¥
[} o »
: . r . 1
i o » . 1
! ]

apap 4 ad_ # k3L AR T FE. FE® smnm FEa ramamsmwrs mmr mm u me |l.|||....|....._-_.-..n.._..|._........._._.%\..\\p.\\..u-i-lp.__.thln.l:i{p..lrl.iirlr._-,.._-...._r..-_ A Rd. 4 FFe RIFE T FE T R R R P PP A PP, T T

b . .

o ' k ,

J_ F L] -

" a o " b

-

: ’ ’ ; . ;

F -

. ¥ m ‘ " 4 :
L L

’ - " '

: “ r 4 ¢ f

] i N

. g . ‘ . .

. ; L]

Ay b by o oa s y D Ml AE rEAFTERESw r Fw - ......m_...._..___..ll..lulll ot N T e i I P L PR R L R e ST e e it e ..-:n-_....-r.-. - B d AR R EFSE R F R R A PR
a L) L] []
¥ F r
' Z ‘ r : ,
o

; 3 3 : , : '

..I 2 [ ¥

r 2 4 o : . r

e e - - HH&H\\H\\\“\\‘\‘-&%‘-‘U{%I ¥ -

.‘ 4 b - ¥

s b AR B R L, EFE ¥ mg g g rwry m oaopm ox ! _-- u ome I-..l...-_.-.l.-...-_.... R L e L T e . .I.Hl...-u...lu.ir d bbb dedd kAN A AAd AF FxX FPFF -FEREFAEFrpFpFrrigFpasr 1 .-.-._.-......u....-;....-..-.-.__.._.._.__........_.__....--lh mm a2 mm p Fefi rmme

- ]
4 o . ]
4 .
.;1. L} - 'y
" 1 ! ’ .
* [
, a o . '
r
F
’ ._____u-r..- 4 - o ]
Ymy d -
* ]
. ..Ji_ u ]
¥ . i Y ¥
M F| 4 » a
* [ ]
' ey 1 : ]
“ t ! :
.lllv - ’ r
a4 . X

xr sx o A e iramrmocwma wm s ma omalm e me d Sl o Pl A ama -t .Jl.miwl.xFuE-Ef..hupuh;hh - rE »qh...-..:-_-h._:.:.‘_‘.::.::_:‘_:i:....!_..__.:_-un —— mw e s eddadsaew st ar
. J{. M - ¥ r
¥ * .

; y *. [ ] b
4 L] - »
: m Py ,. ; _.
* »
" . ¥
r - ...l‘.. .m u - M r
# .ﬁs. - .
. v i X l.._..ll s
e N . B P N . ..__..lul,._.lln-rn..l.._\ PO P — e - .- 1 e = = == = = o . wF. _ . x Fae_ ¥ rama o o ogwgt b, gk g phgmk o sk, w Aphe b Gds Fohabdt & oA 4 - A
[ ]
* r
¥ ” 1 W p '
’ ” m!nf_ g, :
’ . ...rﬁ._ i ' ¥ ’
£Hhiiiiiiiiill|IIIIIIIII|III .ﬂll.n.l.l.r.._.._.l_.t.._..!..__..ﬁ e A r : “ .
r u. . . ]
L3 o * L]
* r
» g .ﬁ ._.“ o ’
; ’ Tk 3 _ :
- . lll.. e . wm ae f gty ey 4 Aphd A bk A& B . PA A KF, FPETFFRF TRy rer pm FE A4 T FEmes e s dr V- —— ud ._....._.._.._....._.._.._.._.._.._....._.._.._.._.-._.....i._.._.i._.-._..-._..-._.-._.._.._..-._..1._....._..-._..-._.._.“ gty A e s bt b dphad a4 bk n el o Sk J R h_".!L- L
- ]
L
1 1 "
I A

A oy

foodt

T

TPU
VOLIAGE

€43



US 9,197,137 B2
1
{3

- - ‘ ¥ * “
H 4 F
o . ] ” - T
b -
L [ a L]
. [ A ] ]
- - o L] .
u . - 2 ) i L]
- . . - . .. ..
. . F F
P . “ Al AP EA TJ A F Ry F pEEmrw wdlrremws = - .i. B i o P a, P, eyl imy gkt ol 4 ) Frx ._i_...._i._i._..._-._..._-._..._-._-._-._-._-._-._i“.. > wwrwrjir wme-
] s a ]
' s i ] ’ o
- o - d
M “ '] A b ._.”_ “.-
.
'] . - . i
4 i . ’ o [ .,
K - - - ’.
” . 1 »
L ] o . ] u
i - » A Fl 1 ._....
’ -’
[ - a
y “ - N rrrres .1.....“ I __1. o e ...._i.__...__i.._i.__...__i.._i.__..... K rEr
P EET T - ” +
* L] - L] 4 -
I * '] d o 4 "
] - . p ‘.
’ . . * ” ¢ -
u. ) . u b | . B e
- Fl L)
-+ +0 . "
* - F] ..— u 1 ._..-
'] . . ' -
- ‘ -. L)
- L L)
v * - . A u F I
* L
] -’ -’
- 3 [] M [ ] ,
- L L
J L
f . . : ‘ . | o
* '] L A X FF K., FPEEFEpEEp+ By  EEREEE mrmmr w mmmmes s e R A A N A A N A A M drpttg
li.i..l.l....\..._ LIE L ] - r .- u. .
14 - o * -,
a - ] ' " u“
M
.-ﬁ o ks r .-._ -
- L L
" * 1 » M.
lu ’ * m. d *
- L L
r .ﬁ . i
c - L L .ﬁ
’ . : ‘ :
L L] 1 L] .ﬁ
J R . .
P “ L i T N F o F ..“...h.....i..h.....iﬂ.i........i..........i...........i..ﬂ..ﬂ..ﬂ..ﬂ.... FEFEF F FEFFFr:+rs igpepr.v ==w
. . i ' r a
. * t " .3 r
L] ] ....-
! i r . ¥ “
o » k T L]
L - ] T
-’ -’
1 d i F . ¥ [
) ' ] “.- r 4
. » »
4 : b by v ’
f : . . ,
] » r
..“. “ * ...“ L )
[
O Iy lllllll -y - ot il iiiiiili.‘i sttt & ettt ‘\. P e et ] o E.‘..‘“.‘. Fara
L . . b . “...
L] r M A
' . i ¥ f ' v i
1 . . L] a i.-
’ L] * r T L] .__“-
' . ¥ ’ " ’
- a
1 [} » A
§ ' r i L] ]
. - L .
1 ¥ ] L . ...-
rPFEFEEFErF T B REEE - s Fa S T 1 Ar AFFFFS 8 FFEFEFRPEF F pFppEpgrEp R N = = —— [ T T PR .1...._..-__..__..._.-_. a ‘amaa
! o . ¥ v . ."
F . .
’ L]
’ [ r A N _-__.-.
W ._ . _ ;
bl L] . M
¥ - . A . __“
k x L] L]
4 L L) 4
L] i ] -’ r
4 F M h
} W A ]
o » .
L ) i
h = e gt tatar S ot L] TEERERS FA SR =t .."h o S St A e ._..-.-._.._....._.._....._.._..-._.._..-._.._....._.._....._.._..-._..-....-._....._..-...“l i T
.
¥ “ “ ] 1 F . i
+0 Y -_- H - -
¥ N . o a N 1
] " ] ' ]
* ] . L L o ] I
i N . [ 1 4 My
» . . »
. * * u . r R M..- e e w e Rttt .
. - B :aasaa ..-.a..-...-...-...-...-. (I FFF Y q” FEEFEF T FEmEE w oww .._.....__.._.._.___._au
- . . u
k . . o 1 .
* -’
- L] . .
r . M L] A u .
r o L] »
. : ) p ; >
¢ . i 4 1 .
[ ] . & .._. ._.._.
* . J - F 4 ]
] * - - 4 ! 4 " .
-’ r ;
] * » i L]
\f, H . : . 1 y L .
’ ]
L i ‘ L
R —— i H . “ rEm—— = .L [ N N ......-. R e R ol ol ad i o e “.-...._........._._..._._..__....__._..-.-....-....-.._.-.._.-.-.-.-.-.-.-.-.-.-.-.-l.-.-.-.-.-.-.-.-.-.-.-.-...- rep
1 . » .
-’ » . r
r ’ u F »
¥ ; . i 4 " -
L Fl ‘ L
-’ » .
0 ’ . * . 4 [ 4 . m_
-, “ T r ._.“ 4
A !“- » " .
| N ] i u b e [}
» * - . e r
r - * . “. + Py .
" -’ “ P o ol ol ol i S A Ty yipieglgcpt ..-“..-._.._....._.._....._.._..-._..-...._..-....-._.l._..-...._.._.....-._..-._.._....._.._.....-._....._.l...l._.l._.l.-.-._. ipEEEE LK - LI N R -_-..___.l-_. -
- F M L r
’ . * L ] . ’ d
o€ . a . ﬁ \
L] ’ 1 .
¥ : ' e N . r
H . . . “ i ¥
2 ’ : . { W ¢
o . » . P
. r
u M . X - s )
L : . :
] * - ’ ﬁ F
[ * » ’ " r
L L - .
. . -t L
0 FrrEr. g wpeewe ool “ ot i .._..“-._-,tt. KA rFEFEEE ..i..i-i..i-i-..-i-i.__“ FEEEE FoFrETEEE. “...._.........._.....I - ewmmEm— o === ap i .
B - M -
L L
* L
; : : ; : 2 ._ “
L r - - -
-, r 3 e
] . o’
u . “ -.-_ r ._.“ __" 2
» . a
- . ' 1 ¥ . n ’
4 » b .-I * .-i ’
- * “ u- p ._.“ L N O I d
4 . b HEA TP A FFEFE & TEmEmE _1‘ LE RN R I ¢+ & & £ +# £+ +# F 4 4 8 4 4 8 8 4 P g o P P A eyt i gt gt
rmppprm s EmEm-maa » I ]
* R -
L r r r "~
] F] ] o
1 . . . ’ s
» * o .._..._
3 . - ‘ . .
i 4 2 Ay y -
M "2 ’ o - T ,
L r n l - a
4 »
L
»

i
2
T2
QUTRUY
VOLTAGE
¥

U.S. Patent



US 9,197,137 B2

1
POWER CONVERSION DEVICE

TECHNICAL FIELD

The present invention relates to an electric power conver-
s10n device.

BACKGROUND ART

A control apparatus for controlling an electric power con-
verter 15 known which comprises: a PWM rectifier which
performs a conversion ol an alternating current to a direct
current; and an inverter connected to the PWM rectifier to
perform an inversion of the direct current to the alternating,
current, the control apparatus including: bi-phase modulation
means for generating an output voltage command to perform
a bi-phase modulation for the inverter; first compensation
quantity calculating means for calculating a compensation
quantity correcting the output voltage command 1n order to
compensate for an output voltage error generated when the
bi-phase modulation for the mverter 1s carried out; inverter
PWM pattern generating means for generating PWM pulses
for semiconductor switching elements of the PWM rectifier
on a basis of an mput current command; switching detecting
means for detecting a presence or absence of a switching of
the PWM rectifier; voltage magnitude detecting means for
detecting a voltage of a maximum phase, a voltage of amiddle
phase, and a voltage of a minimum phase from an input
voltage of each phase; and polarity determination means for
determining a polarity of a load current, wherein the first
compensation quantity calculating means calculates the com-
pensation quantity correcting the output voltage command
using an output of the voltage magnitude detecting means, an
output of the polarity determination means, an output of the
switching detecting means, a switching frequency of the
inverter, and a dead time.

However, such a problem occurs that the known control
apparatus for the electric power conversion device compen-
sates only a voltage error generated according to a commu-
tation but cannot prevent a commutation failure itself.

PRE-PUBLISHED DOCUMENT

Patent Document 1: Japanese Patent Application First Publi-
cation (tokka1) No. 2006-20384.

DISCLOSURE OF THE INVENTION

It 1s an object of the present invention to provide an electric
power conversion device which can prevent the commutation
failure.

The above-described object can be achieved by the present
invention such that a switching time calculating section and a
control signal generating section configured to generate con-
trol signals for switching elements on a basis of a first switch-
ing time and a second switching time are provided, wherein
the switching time calculating section calculates the first
switching time which 1s a time during which one of the
switching elements of an upper arm circuit of the plural pairs
of switching elements included 1n one phase from among the
respective phases 1s turned on, the other switching elements
of the upper arm circuit of the plural pairs of switching ele-
ments included 1n the other phases are turned off, at least one
switching element of a lower arm circuit of the plural pairs of
switching elements included 1n the other phases 1s turned on,
and the other switching elements of the lower arm circuit of
the plural pairs of switching elements included in the one
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phase are turned oif using detected voltages detected by volt-
age detecting means and an output command value and cal-
culate the second switching time during which the plural pairs
of switching elements included 1n the one phase from among
the respective phases are turned on and the plural pairs of
switching elements included 1n the other phases from among,
the respective phases are turned off using a carrier and the first
switching time and wherein, 1n one period of the alternating
current electric power outputted from the conversion circuit,
the second switching time 1included 1n a first half period of the
period 1s made equal to the second switching time included in
a second half period of the period.

According to the present invention, the second switching
time 1s equally allocated to the first half period and the second
half period. Thus, an overlap of the switching operations
between a first time point of the second switching time and a
last time point of the second switching time can be avoided.
Consequently, the commutation failure can be prevented
from occurring.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11s ablock diagram of a charging system including an
clectric power conversion device 1n a preferred embodiment
according to the present invention.

FIG. 2 1s a block diagram of a charging system 1n a first
comparative example.

FIG. 3 1s a block diagram of a charging system in a second
comparative example.

FIG. 4 1s a block diagram of a controller controlling the
clectric power conversion device shown 1n FIG. 1.

FIG. 5 1s a graph representing a switching sequence of an r
phase switching element shown 1n FIG. 1.

FIG. 6 1s a diagram representing a relationship between a
base vector and a voltage vector in a space vector modulating
section shown 1n FIG. 4.

FIG. 7(a) 1s a diagram which i1s an addition of a switching,
pattern to a vector diagram of FIG. 6 and FIG. 7(b) 1s a circuit
diagram of an alternating current power supply 1 and a matrix
converter 4 1n the charging system shown 1n FIG. 1.

FIG. 8 1s a conceptual diagram of the switching pattern
table of FIG. 4.

FIGS. 9 (1) through 9 (6) are diagrams for explaining
transitions of the switching elements 1n FIG. 1.

FIG. 10 1s a graph representing a relationship between a
carrier and an output time in the controller 1n FIG. 4.

FIG. 11 1s a graph representing an output voltage wavelform
of a matrix converter in FIG. 1.

FIG. 12 1s a graph representing another output voltage
wavelorm of the matrix converter 1n FIG. 1.

FIG. 13 1s graphs representing a relationship between the
carrier and a command value and an output voltage wavetorm
in an nverter apparatus 1n a third comparative example.

FIG. 14 1s graphs representing a relationship between the
carrier and the output time and an output voltage wavetorm,
in a controller shown 1n FIG. 4.

FIG. 15 1s graphs representing a relationship between the
carrier and the output time and an output voltage waveform in
the electric power conversion device in a modification of the
preferred embodiment according to the present invention.

EMBODIMENTS FOR CARRYING OUT TH
INVENTION

T

Herematter, a preferred embodiment according to the
present invention will be described on a basis of drawings.
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First Preterred Embodiment

FIG. 1 1s a block diagram of a battery system including an
clectric power conversion device related to a preferred
embodiment according to the present invention. Heremafter,
a case 1n which the electric power conversion device 1n this
embodiment 1s applied to a charging system 1s explained as an
example but this embodiment may be applied to a vehicle or
so forth including a motor and a control apparatus controlling
the motor or so forth.

The charging system 1n this embodiment includes: an alter-
nating current power supply 1; an input filter 2; voltage sen-
sors 31~33; a matrnix converter 4; a high frequency trans-
former circuit 3; an output filter 6; and a battery 7.

Alternating current power supply 1 1s a three-phase alter-
nating current power supply and provides an electric power
source for the charging system. Input filter 2 1s a filter for
rectifying an alternating current electric power inputted from
alternating current power supply 1 and 1s constituted by LC
circuits having coils 21, 22, 23 and capacitors 24, 25, 26.
Coils 21, 22, 23 are connected between respective phases of
alternating current power supply 1 and of a matrix converter
4. Capacitors 24, 25, 26 are connected between coils 21, 22,
23 and are connected between the respective phases.

Voltage sensors 31, 32, 33 are connected between alternat-
ing current power supply 1 and matrix converter 4 to detect an
iput voltage (V,, V_, V) of each phase from alternating
current power supply 1 to matrix converter 4 and outputs the
detected voltages to a controller 10 as will be described later.
Voltage sensor 31 1s connected to a middle point of an r phase
of matrix converter 4, voltage sensor 32 1s connected to a
middle point of an s phase of matrix converter 4, and voltage
sensor 33 1s connected to a middle point of at phase of matrix
converter 4.

Matrix converter 4 1s provided with a plurality of switching
elementsS .S .S .S..S,,S,, bi-directionally switchable,
converts the alternating current electric power mputted from
alternating current electric power supply 1 into a high fre-
quency alternating current electric power, and outputs the
high frequency alternating current electric power to high fre-
quency transformer circuit 5. Matrix converter 4 1s connected
between input filter 2 and high frequency transformer circuit
5. Switching element S, , in order to provide the element
bi-directionally switchable, includes: transistor Tr, ,, such as
a MOSFET or IGBT,; transistor 1r, ,, such as the MOSFET or
IGBT; a diode D,,,; and diode D, z,. Transistor Tr,,, and
transistor Ir, ,, are serially connected to each other in mutu-
ally opposite directions and diode D, »,, and diode D, ,, are
serially connected to each other in mutually opposite direc-
tions, transistor T, ,, and diode D, ,, are connected in parallel
to each other in mutually opposite directions, transistor Ir,
and diode D, ,, are connected in parallel to each other in

mutually opposite directions. Similarly, other switching ele-

ments S,,, S_, S,,, S, , S, are constituted by a bridge circuit
of transistors Ir, ,, Ir,_ ., and diodes D, ,, D _ ,, a bridge
circuit of transistors 1r, ,, Tr_, and diodes D_,,, D, a

bridge circuit of transistors 1r_ ,, Tr_ , and diodes D_ ,, Da
bridge circuit of transistors Ir_, ,, Ir_ , and diodesD_ ,,D_ .,

a bridge circuit of transistors 1r,,,, Tr,, and diodes D, D, .

and a bridge circuit of transistors Ir,,,, Ir,,, and diodes D, |,
D

w2’
That 1s to say, three of a pair of circuits 1n which two

switching elements S, , S, S . S_ .S, .S, are serially

connected are connected in parallel to a primary side of a
transformer 51. Then, a bridge circuit in which three lines
connected between the respective pairs of switching elements

S .S .S _,S_ .S, .S, _ are electrically connected to three

Fp? S 5F7
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phase output sections of alternating current power supply 1
constitutes three-phase-to-single-phase matrix converter 4.

High-frequency transformer circuit 5 i1s provided with
transformer 51 and a rectifying bridge circuit 52 and 1s con-
nected between matrix converter 4 and output filter 6. High-
frequency transformer circuit 5 converts the high-frequency
alternating current electric power mnputted from matrix con-
verter 4 mto a direct current electric power and supplies the
direct current electric power to a battery 7 via output filter 6.
Transtormer 51 boosts the high-frequency alternating current
voltage 1putted from matrix converter 4 and outputs this
boosted alternating current to rectitying bridge circuit 52. It
should be noted that, since the alternating current electric
power outputted from matrix converter 4 1s the high fre-
quency, a small sized transformer can be used as transformer
51. Rectitying bridge circuit 52 1s a circuit in which a plurality
of diodes are connected 1n a bridge configuration and serves
to convert a secondary side alternating current of transformer
51 1nto the direct current.

Output filter 6 1s constituted by an LC circuit of a coil 61
and a capacitor 62 and 1s connected between high-frequency
transformer circuit 5 and battery 7. Output filter 6 rectifies the
direct current electric power outputted from high frequency
transformer circuit 5 and supplies the direct current electric
power to battery 7. Battery 7 1s a secondary cell charged by the
charging system 1in this embodiment and 1s constituted by, for
example, an lithtum-1on rechargeable battery. Battery 7 1s, for
example, mounted 1n the vehicle and provides a dynamical
(power) source of the vehicle.

Thus, the charging system 1n this embodiment converts the
alternating current from alternating current power supply 1
into the high-frequency alternating current, boosts the high-
frequency alternating current through high frequency trans-
former circuit 5, converts the boosted alternating current into
the direct current, and supplies the boosted high-voltage
direct current electric power to battery 7.

Features of the charging system shown 1n FIG. 1 using the
clectric power conversion device in this embodiment will be
explained while comparing with a comparative example 1
and another comparative example 2 described below. FIG. 2
shows a block diagram of the charging system related to
comparative example 1 and FIG. 3 shows a block diagram of
the charging system related to comparative example 2.

As the charging system different from the preferred
embodiment according to the present ivention, such a sys-
tem, as shown 1n FIG. 2, that the alternating current electric
power supplied from alternating current power supply 1 1s
passed through a transformer 101 and 1s converted into the
direct current electric power through a rectifier 102 1s known
(comparative example 1).

In addition, as another charging system different from the
charging system 1n this embodiment, such a system, as shown
in FIG. 3, that the alternating current from alternating current
power supply 1 1s converted into the direct current through a
PWM rectifier 201, the direct current 1s inverted into the
alternating current through an inverter circuit 203 of a pri-
mary side of high frequency transformer circuit 202, the
converted alternating current 1s boosted by means of a trans-
former 204, the boosted alternating current 1s converted into
the direct current through a rectifying bridge circuit 205 of
high-frequency transformer circuit 202, and the direct current
1s supplied to battery 7 1s known (comparative example 2).

In a case of comparative example 1, a circuit structure 1s
simple but transformer 101 becomes a large size. In addition,
there 1s a problem such that 1t becomes necessary to connect
a large capacity electrolyte capacitor between rectifier 102
and voltage boosting chopper 103. In a case of comparative
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example 2, although a small sized transformer can be used as
transformer 204, aloss becomes large since a number of times
of conversions are many. In addition, there 1s a problem such
that 1t 1s necessary to connect a large capacity electrolyte
capacitor between PWM rectifier 201 and high-frequency
transformer 202.

In this embodiment, since, as described above, a use of
matrix converter 4 can reduce the loss caused by the electric
power conversion, can make the large capacity electrolyte
capacitor at the primary side of transformer 51 unnecessary,
and can achieve the small s1zing of transformer 51.

Next, controller 10 controlling matrix converter 4 included
in the electric power conversion device in this embodiment
will be explained below with reference to FIG. 4. FIG. 4
shows a block diagram of controller 10. Controller 10
switches on and off of switching elements S,_, S S__S_ .
S,» S, and controls matrix converter 4 through a PWM con-
trol. Controller 10 includes: a coordinates transforming sec-
tion 11; a space vector modulating section 12; a zero vector
time calculating section 13; a switching pattern table 14; and
a switching signal generating section 15.

Coordinates transforming section 11 compares detected
voltages detected by means of voltage sensors 31, 32, 33,
grasps a magnitude relationship therebetween, performs a
three-phase to two-phase conversion for detected voltages
(V ,V_V )ina fixed coordinates system to be converted into
voltages (v, V) 1n a static coordinates system, and outputs
voltages (v, vg) to space vector modulating section 12.
Space vector modulation section 12 replaces three phase volt-
age wavelorms 1nto a vector utilizing a space vector modula-
tion. Thus, output times (T,, T,) of the voltage vectors are
calculated utilizing a phase angle (6) of voltages (v, vg).

Zero vector time calculating section 13 calculates an out-
put time (1) of zero vector using a carrier signal such as a
triangular wave and the time calculated by space vector
modulating section 12. A frequency of the carrier signal 1s set
to be higher than a frequency of the alternating current elec-
tric power of alternating current power supply 1. A switching,
pattern table 14 stores a switching pattern preset to perform
switching of switching elements S, , S, . S_, S_ .S, S,
corresponding phase angle (0) 1n a form of a table.

Switching signal generating section 15 extracts the switch-
ing pattern corresponding to the phase angle (8) by referring
to switching pattern table 14 and outputs control signals (D, .
D ,D_,D_,D,, D_)to switch on or off of switching

S SF29 p?
elements (S, ., S, S_, S,,, S,,. S,,) using the extracted

switching paf?[em, output times (T, T,) of the voltage vector,
and output time (1) of the zero vector to a drive circuit (not
shown) included 1n matrix converter 4. Switching elements
S, 09,8, 5, S,,, S, are controlled by pulse signals. Thus,
on and off of switching elements S, S,,, S, , S_,, S, S,
included 1n matrix converter 4 are switched to turn on and off
by means of the control of controller 10 and the electric power
1s converted.

Next, a switching control of switching elements S
S_.S_.S .S will be described using FI1G. §. FIG. § shows

sp? TTsp? TIp?
a graph representing a sequence of the switching to switching

elements S,_, S .S, .S,,.S,,S,. InFIG. S, a high level

F"p-'r' FF1d Sp-'f' SF22

denotes an on state and a low level denotes an off state. A
voltage commutation system (method) 1s used for the switch-
ing of switching elements S, .S, ,S_.S_.S .S . Controller
10 monitors a magnitude relationship of mput voltages from
detected voltages (V,, V_, V) to perform the commutation.
Suppose that the state of Ir, ,,, I, ,, Tr_,,, Tr, ,, are transited
from an 1nitial state 1n a sequence of 1, 11, 111, and 1v.
Hereinafter, a specific example of the voltage commutation

system (method) will be described below. For simplicity of

ij Smj
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explanation, only the commutation control for an upper arm

circuit of matrix converter 4 will be described below.
Suppose that transistors Tr, ,,, Tr, ,, included 1n switching
element S, ) are in an on state and transistors T Ir

sply “tsp2
included in switching element S, are in an o

"state. Then, a
case 1n which, 1n a state 1n which the voltage of switching
element S, 1s higher than the voltage ot switching element
S,,» the commutation 1s performed from switching element
S,, to the voltage to switching element S will be explained
below.

First, when the state 1s transited from the inmitial state to
state (1), transistor Ir_,, 1s turned on, when the state 1s tran-
sited from state (1) to state (11), transistor Tr, ,, 1s turned off,
when the state 1s transited from state (11) to state (111), transis-
tor Ir,,,, 1s turned on, and when the state 1s transited from
state (111) to state (1v), transistor Tr, , 1s turned oft. This causes
the switching of the switching elements such that alternating
current power supply 1 1s not short-circuited. Thus, a com-
mutation failure 1s suppressed.

Next, the control in controller 10 will be described below
using FOGS. 1, 4, and 6 through 12.

When the voltage (V,, V) 1n the static coordinates system
coordinates transformed and calculated by coordinates trans-
forming section 11 1s mputted to space vector modulating
section 12, space vector modulating section 12 calculates
phase angle ([3) of voltage (v, vp) from the inputted voltage
(Vs Vp)- It should be noted that the voltage (v, vg) and phase
angle (0) are represented by a vector as shown 1n FIG. 6. FIG.
6 shows a vector diagram 1n which the detected voltages (V ,
V., V) are converted 1nto two-phase o3 coordinates system
and the mput voltages are observed as voltage vectors 1n the
static coordinates system. V_ 1n FIG. 6 represents a base
vector and corresponds to an output command value having
the phase angle (0) of the input voltage 1n the a3 coordinates
system. The base vector is rotated with a center point shown
in FIG. 6 as a center 1n accordance with a magnitude relation-
ship among the iput voltages of the respective phases.

In this embodiment, 1n the static coordinates system, the
coordinates are divided with 60 degrees 1nto six areas from o
axis 1n the counterclockwise direction. Axes ot V, through V
are allocated to boundary lines of the respective areas. The
area between V, and V, 1s assumed as “area 17, the area
between V, and V, 1s assumed as “area 2”, the area between
V;andV, 1s assumed as “area 37, the area between 'V, and V<
1s assumed as “area 4”, the area between V. and V . 1s assumed
as “area 57, and the area between V. and V, 1s assumed as
“area 6”. In addition, V, through V, are allocated to an origin.
Then, vectors of V, through V, are vectors of voltages out-
putted from matrix converter 4. Vectors of V, through V,
having magnitudes as the vectors (not zero) represent that the
voltages not zero are outputted from matrix converter 4. That
1s to say, vectors of V, through V. correspond to voltage
vectors not zero (hereinafter, referred to as voltage vectors).
On the other hand, vectors o1 V, through V, represent vectors
of voltage zero (zero voltage) (heremafter, referred to as zero
vectors).

In addition, 1n this embodiment, voltage vectors V, through
V, are made correspond to the mutually different switching

patterns of switching elements S,_ .S, S_.S_.S,.S,, gnd
ij FF12

the switching patterns to operate switching elements S
Seps Seus S, S, are determined dependent upon which area
the 1input voltages belong to. It should be noted that a rela-
tionship between voltage vectors V, through V, and the
switching pattern will be described later.

Then, space vector modulating section 12 determines

which area the mput voltage at a time point of detection
belongs to from the phase angle (0) of base vector v . In the
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example shown 1n FIG. 6, since base vector va 1s within area
1, space vector modulating section 12 determines that the
input voltage belongs to area 1 from the phase angle (0) of
voltage (v,,, vp). In addition, for example, in a case where the
magnitude relationship of the input voltages (V,,V_, V) of the
respective phases 1s changed and the phase angle (0) of a p
axis voltages (v, vg) coordinates transformed according to
coordinates transforming section 11 indicates 90 degrees,
space vector modulating section 12 identifies an area 2
including phase angle of 90 degrees.

Space vector modulating section 12 calculates an output
time of the voltage vector from an area axis component of
base vector (V ) when the area 1s 1dentified. In the case of
example shown 1n FIG. 6, base vector (V) belongs to area 1.
Space vector modulating section 12 calculates a component
(V_,) along V, axis and a component (V _,) along V, axis
using V, axis and V, axis which are axes of area 1. Then, the
magnitude (V _, ) of the V, axis component 1s the output time
of the switching pattern corresponding to V, and the magni-
tude (V_,) of the V, axis component 1s the output time of the
switching pattern corresponding to V. It should, herein, be
noted that the output times of voltage vectors V, through V.
are assumed as T, T, and output time of zero vectors (V,
through V) are assumed as 'T_. As will be described later, in
this embodiment, two voltage vectors are outputted for a half
3¢ period of a first half of a carrier. Hence, the output time of
a first voltage vector from the two voltage vectors 1s assumed
as T, and the output time of a second voltage vector 1s
assumed as T,.

Each output time (T,, T,, T ) 1s represented by a normal-
1zed time corresponding to the period of the carrier. As will be
described later, 1n this embodiment, 1n order to secure the
output time (1)) of zero vectors (V, through V) per half
period of the carrier, a limitation 1s placed on output times (1,
T,,T)). Space vector modulating section 12 calculates output
times (T, T,) such that each of output times (1, T,) during
which the corresponding one of the two voltage vectors 1s
outputted 1s equal to or below a predetermined lowest limait
value. It should be noted that the predetermined lowest limit
value corresponds to a time for which output time (T)) 1s
secured and 1s set to a time shorter than the time correspond-
ing to the half period of the carrier.

Area 1 1s aregion between the phase angle o1 0 degree to 60
degrees. For example, 1n a case where the phase angle of base
vector (v ) falls between O degree and 30 degrees, the mag-
nitude (V,,) ol V, axis component 1s larger than magmtude
(V_,) of the V, axis component. Hence, output time (T,) of
the V, switching pattern 1s longer than output time (1,) of the
V., switching pattern. Area 4 1s a region between phase angle
of 180 degrees and phase angle of 240 degrees. For example,
the phase angle of base vector (v ) ranges from 210 degrees to
240 degrees, the magnitude (Vo) of the V. axis component 1s
larger than the magnitude (V _,) of the V, axis component.
Hence, output time (T ,) of the switching pattern V. 1s longer
than output time (T,) of the switching pattern of V. Thus,
space vector modulating section 12 calculates the phase angle
(0) using v, v corresponding to the detected voltages of the
respective phases, calculates output times (T,, T,) of the
voltage vectors from the base vector V _ having the calculated
phase angle (0) as the directional component, and outputs the
calculated output times (T, T,) to zero vector time calculat-
ing section 13.

Zero vector time calculating section 13 subtracts a total
time of output time (T, ) and output time (1,) from a prede-
termined half period of the period of the carrnier to calculate
the time of zero vector (1 ). Since space vector modulating,
section 12 calculates output time (1,) and output time (1)
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such that the above-described total time 1s equal to or below
the predetermined lowest limit time, zero vector time calcu-
lating section 13 can calculate the time of zero vector (T ). In
this embodiment, 1n order to provide the alternating current
for the output electric power of matrix converter 4, the time at
which the non-zero voltage outputted and the time at which
the zero voltage 1s outputted are periodically provided.

Since the period of the carrier corresponds to the period of
the output voltage, the output time (T ) of the zero vector 1s a
subtraction of the output time (T,) and the output time (1)
from the time corresponding to the half period of the carrier.
Zero vector time calculating section 13 outputs the time (1))
ol the zero vector and the times (T, T,) of the voltage vectors
to a switching signal generating section 15.

Switching signal generating section 15 generates switch-
ing signals to drive switching elements S, S S__S_. S, .
S using the switching pattern stored in switching pattern
table 14, the time of zero vector (1)), and the times (T,,T,) of
the voltage vectors.

Betore control contents of switching pattern table 14 and
switching signal generating section 15 are described 1n
details, the relationship between the vectors of (V, through
V) and phase angle (0) and the switching pattern will, here-
inbelow, be described using FIGS. 7 (a) and 7(b).

FIG. 7(a) 1s an explanatory view of the vector diagram of
FIG. 6 to which the switching pattern 1s added. FIG. 7(b)
shows a simplified circuit diagram of alternating current
power supply 1 and matrix converter 4 from among the charg-
ing system 1 FIG. 1. It should be noted that *“1” shown 1n FIG.
7(a) denotes the on state and “0”” denotes the off state.

As shown 1 FIGS. 7(a) and 7(b), vectors (V, through V)
correspond to the switching pattern of switching elements
S D Do S Dy Sy

Ein Voltage vector (V,), switching elements S,_, S, are
turned on and other switching elements S, S_,S_ .S, are
turned off. In voltage vector (V,), switching elements S_, S_
are turned on and other switching elements S, , S, S_ ., S,
are turned off. In voltage vector (V;), switching elements S,
S,, are turned on and other switching elements S,_, S_ . S, .
S__are turned off. In voltage vector (V,), switching elements
S,,.» S,, are turned on and other switching elements S, , S_ .
S_ .S, are turned off. In voltage vector (V ), switching ele-
ments S, , S, are turned on and other switching elements S,
S,..S,,,5,,,5,, are turned otf. In voltage vector (V), switch-
ing elements S,_, S are turned on and other switching ele-
ments S, ,S_ .S, .S, are turned off. That 1s to say, in voltage
vectors (V, through V), one of switching elements S, S_ .
S,» of the upper arm circuit included in one phase from
among the respective phases turned on and other switching
elements S, , S, , S, of the upper arm circuit included 1n the
other phases are turned off, at least one of switching elements
S _.S_ .S, ofalowerarm circuitincluded in the other phases
1s turned on and other switching elements S, S_ . S_ of the
lower arm circuit included 1n the one phase are turned off.

Then, 1n a case where switching elements S, ,S_.S_ .S

ij Fr1 Spj LY 7 3

S, S, are controlled through the switching pattern corre-
sponding to the voltage vectors (V, through V), the non-zero
voltage 1s outputted to the output side ol matrix converter 4. In
addition, since the two vectors which provide boundaries of
the two adjacent areas are used 1n accordance with the areas,
wavelorms of different voltage levels can be outputted from
matrix converter 4.

In addition, 1n the vector diagrams shown 1n FIGS. 6, 7(a),
and 7(b), the switching pattern 1s allocated to zero vectors (V,
through V) shown at an origin of FIG. 7(a). In the vector
(V,), switching elements S,_, S~ are turned on and other

switching elements S_, S S are turned off. In the

S22

Fp?
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vector (Vg), switching elements S, , S,
other switching elements S,_, S S .S, are turned off. In
the vector (V,), switching elements S, , S, are turned on and
other switching elements S, , S, . S_ . S_ , are turned off.

That 1s to say, in the zero vectors (V- through V), switch-
ing elements S, , S,,, S, S, S,,,S,, included in one phase
from among the respective phases are turned on and switch-
ing elements S, , S, S_,S_,.S,, S, included in the other
phases are turned off.

In a case where switching elements S, S, ,S_ . S_ .S, .
S_ are controlled in the switching pattern corresponding to
zero vectors (V- through V), the output of matrix converter 4
indicates zero.

As described above, one of the areas 1s identified according
to the phase angle (0). Then, output voltage vectors (V,
through V) and output time (1,, T,) are determined. In
addition, zero vector time calculating section 13 calculates
zero vectors (V- through V) and output time (1)) thereof.
Since matrix converter 4 1s set with the output of the alternat-
ing current electric power as an object, reversing and control-
ling switching elements S, S, S_.S_ .S, .S, atasecond
half of the period of the carrier, for the switching control at a
first half of the period of the carrier, so that the output electric
power having a reverse polarity to the first half of the period
of the carrier can be obtained.

Then, 1n this embodiment, switching pattern table 14 stores
the switching pattern which makes correspondent to the areas
of FIG. 6. In addition, switching signal generating section 15
calculates respective output times of vectors (V, through V)
for the carrier period from the output times (T,, T,) of the
voltage vectors and output time (1) of the zero vectors and
generates the switching signals.

Next, the table stored in switching pattern table 14 will be
described using FI1G. 8. FIG. 8 1s a conceptual diagram rep-
resenting the table stored 1n switching pattern table 14.

In FIG. 8, areas 1 through 6 corresponds to areas 1 through
6 shown 1n FIG. 6.V, through V, correspond to vectors (V,
throughVy). InFIG. 8,5, .S, .S, .5,,.S,,,S,, correspond to

ij FFI? Sp-'f' Y 73
switching elements S,_, S, .S _.S,,.S,,S,,. Inaddition, for

FRY S spY MsE S
states (1) through (6) 1n FIG. Sjpsince one period of the carrier
1s divided 1nto six when made correspondent to output times
(T,, T,, T ),states (1) to (6) are derived 1n a time series from
a summit point section of a valley of the carrier.

In order to output the alternating current from matrix con-
verter 4, matrix pattern table 14 sets the switching pattern
such that two voltage vectors and one zero vector are sequen-
tially outputted at the first ({former) half period of the period of
the carrier and two voltage vectors and one zero vector are

sequentially outputted at the second (latter) half period of the

are turned on and

SF2 33;-!

period of the carrier.
For example, 1n a case where base vector (v ) belongs to
area 1, switching elements S_. S . S_.S_ .S, , S, are

controlled 1n a sequence of voltage vector (V, ), voltage vector
(V,), zero vector (Vy), voltage vector (V;), voltage vector
(V,), and zero vector (V) per period of the carrier. The
transition of the control ot switching elements S_, S . S_ .
Sos S, S, inarea 1 1s shownin FIG. 9. FIG. 9 shows a circut
diagram to which the circuit diagram of alternating current
power supply 1 and matrix converter 4 1s simplified.

The on or oft state of respective switching elements S, .
S D e Sgn S, . S, i respective states (1) through (6) and the

sp? T sH?

direction tlowing through the primary side of transformer 51
are denoted by arrows.

As shown 1 FIGS. (1) through (6) of FIG. 9, 1n a case
where the transition 1s made from one state to the subsequent
state such as from state (1) to state (2), from state (2) to state
(3) and so forth, controller 10 turns on (turns on from the off
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state) switching elements S, , S, S, , S, S, , S,, of either
one arm circuit of the upper arm circuit and the lower arm
circuit and maintains the on state of switching elements S
S, S, S, S, S, 0of the other arm circuit. In other words,
fromamong switchingelements S, .S, ,S_.S_.S .S, e‘élch

of which 1s 1n an on state, one of switching elements S

SF1

Fp2
SF27
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Seps Sgs S, S, 18 turned off but the state of the other of
switching elements S, , S, S_ . S_ ., S, .S, 1s maintained
(fixed).

In addition, in a case where each state 1s continuously
transited such as states (1), (2), and (3), states (3), (4), and (5),
or so forth, switching elements S, S, S, , of the upper arm
circuit or switching elements S_, S_ . S_ of the lower arm
circuit are not continuously switched. In other words, switch-

ing elements of S, S, S_, S, S,, S, are alternately
switched between the upper arm circuit and the lower arm

circuit.
Thus, 1n this embodiment, number of times the switching

of switching elements S, S .S .S .S, .S, 1s carried out

when the state 1s transited among the respective states (1)
through (6) 1s reduced to suppress the commutation failure. It
should be noted that the switching pattern of area 1 has been
explained but, for the areas of area 2 through area 6, the same
switching control 1s carried out under the same conditions
according to the pattern reducing the number of times of the
switching 1s carried out.

It should be noted that, as shown 1n (1) through (6) of FIG.
9, 1n states (1) through (3), the output current of matrix con-
verter 4 indicates plus but, 1n states (4) through (6), the output
current of matrix converter 4 indicates minus. Thus, the out-
put ol matrix converter 4 indicates the alternating current by
controlling switching elements S, S, ,S_,5,_.5,,S, inthe
switching pattern of area 1 of switching pattern table 14. It
should also be noted that, for area 2, area 3, area 4, area 35, and
area 6, the switching control in the pattern shown 1n FIG. 8 1s
similarly carried out to provide the alternating current for the
output of matrix converter 4.

Then, since areas 1 through 6 are classified in accordance
with the phase angle, switching pattern table 14 stores the
switching pattern corresponding to phase angle (0).

Next, the control of switching signal generating section 15
will be described using FI1G. 10.

FIG. 10 1s a graph for explaining a relationship between the
carrier and the output times (1, T,, T ).

First, switching signal generating section 15 sets command
values corresponding to output times (1,, T,) taking a syn-
chronization with the period of the carrier. Since controller 10
performs the switching control through a PWM control
method, lengths of the output times (T, T, T, ) of the voltage
vectors and the zero vector indicate the command value (a
voltage value).

When the command values are set for the output times (1,
T,,T), the command values are normalized such that a maxi-
mum amplitude of the carrier becomes the output times (T,
T,, T ) for which two voltage vectors and one zero vector are
outputted. In addition, for output timings of the voltage vec-
tors and the zero vector, at the first half period of the period of
the carrier, the command values are set such that the voltage
vectors at the more clockwise side are 1nitially outputted in
the respective areas 1 through 6 from among the voltage
vectors (V, through V) shown 1n FIG. 6. After the two volt-
age vectors are outputted, the command values are set such
that zero vectors (V- through V) are outputted.

On the other hand, the command values are set such that, at
the second half period of the carrier, output times of the two
vectors (V, through V) are reversed from those at the first

Y
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half period of the period of the carrier and outputted and,
thereafter, the zero vectors (V, through V) 1s outputted.

As a specific example, 1n a case where the phase angle (0)
talls within a range of O degree through 30 degrees (area 1), as
shown 1n FIG. 10, switching signal generating section 15 sets
the command value (T, ) ata level corresponding to the output
time (T, ) with respect to the low level of the carrier and sets
the command value (T ,) by adding the level corresponding to
the output time ('1,) with the command value (T, ) as a refer-
ence, at the first half period of the carrier. On the other hand,
at the second half period of the carrier, switching signal
generating section 15 sets the command value (T, ) at the level
corresponding to output time (1, ) lowered from the high level
of the carrier and sets the command value (T,) at the level
corresponding to the output time (T,) with the command
value (T,) as the reference.

Switching signal generating section 15 compares the car-
rier with the set command values to determine the output
timings of the voltage vectors and the zero vector.

In addition, as described above, the command values are
set with respect to the output times (T,, T,, T)) and are
compared with the carrier so that the six states per period of
the carrier are separated. However, the six states correspond
to states (1) through (6) shown in FIG. 8. That 1s to say,
switching signal generating section 15 compares the output
times (1,, T,, T ) with the carnier to determine the output
timings of the switching pattern so stored 1n switching carrier
table 14.

Switching signal generating section 15 compares the car-
rier with the output times (T, T,, T ) to determine the output
timings as shown 1n FIG. 10. At this time, switching signal
generating section 15 extracts the switching pattern in accor-
dance with the phase angle (0) from switching pattern table
14, generates the switching signals for switching elements
S D, S S S, Sy, to be driven 1n accordance with the
extracted pattern at the output timings, and outputs the
switching signals to switching elements S, S _S_ S_ S
S, .

Specifically, 1n a case where the phase angle (0) falls within
the range of 0 degree to 30 degrees, the switching pattern of
area 1 in FIG. 8 1s used. During the output time (T, ) with the
summit point of the valley of the carrier as a start point, the
switching control outputting the voltage vector (V) 1s carried
out. During the subsequent output time (1,), the switching
control to output voltage vector (V) 1s carried out. During the
turther subsequent output time (1), the switching control to
output the zero vector (V) 1s carried out. Then, over the
second half period of the carrier, during the output time (1)
with a mountain summit of the carrier as the start point, the
switching control to output voltage carrier (V) 1s carried out.
During the subsequent output time (1, ), the switching control
to output voltage vector (V) 1s carried out. During the further
output time (1), the switching control to output the zero
vector (V,) 1s carried out.

The output voltage waveform of matrix converter 4 will be
described using FIGS. 11 and 12. FIG. 11 shows a time
characteristic of the output voltage wavetorm of matrix con-
verter 4 1n a case where the output time (1, ) 1s longer than the
output time (1,). FIG. 12 shows another time characteristic of
the output voltage waveform of matrix converter 4 1n a case
where output time (T,) 1s longer than the output time (T, ).

In a case where the phase angle (0) falls 1n the range of O
degree to 30 degrees, the output time (T,) becomes longer
than the output time (1,). Thus, the voltage waveform out-
putted from matrix converter 4 1s transited as shown 1n FIG.
12. In addition, 1n a case where phase angle (0) 1s within 30
degrees through 60 degrees, output time (T ,) becomes longer
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than output time (T, ) and the output voltage waveform out-
putted from matrix converter 4 1s transited as shown 1n FIG.

12.

As described above, 1n this embodiment, switching ele-
ments S, S, .S, .S, 5, S, are controlled using the output
times (1, T,) outputting the voltage vectors and the output

time (1) outputting the zero vector to make the output time
(T.) included 1n the first half period of the carrier equal to the
output time (1) included 1n the second half period of the
carrier. As described above, since the output time (1) of the
zero vector 1s provided, an interval between the switching
operation at the 1nitial time point of the output time (1) of the
zero vector and the switching operation at the last time of the
output time (T,) 1s secured so that an overlap between the
switching operations at the initial time and the last time 1s
avoided and the commutation failure can be prevented.

Incidentally, as 1s different from this embodiment, an
iverter device (a comparative example 3) in which, 1n a
three-phase iverter circuit formed by a bridge circuit having
a plurality of switching elements, with detected voltages of
intermediate voltages of the respective phases set as com-
mand values (v *, v _* v *) the detected voltages are com-
pared with a triangular wave carrier to control the switching
clements 1s known. FIG. 13 shows wavetorms of the carrier
and command values (v_*, v_* v _*)and the wavelorm of the
output voltage of the inverter circuit.

As shown 1n FIG. 13, comparative example 3 uses a theo-
retical equation which controls the level of the output voltage
when the carrier exceeds the command value and controls so
as to reverse the theoretical equation with the mountain and
valley of the carrier as boundaries. That 1s to say, 1n compara-
tive example 3, the level of the output voltage 1s set by the
comparison of the detected voltages and the carrier and the
control of the output of the alternating current 1s carried out.
Hence, zero voltage intervals (corresponds to al, 31 1n FIG.
13) are deviated with respect to the period of the carrier.

Then, since one of the zero voltage intervals (ol 1n FIG.
13) becomes relatively short, the interval of the switching
operations becomes accordingly short at the first time point of
the zero voltage interval and at the last time point of the zero
voltage interval. Consequently, the commutation failure
OCCUTs.

In addition, 1n this comparative example 3, the zero voltage
interval 1s not prescribed as a predetermined interval with
respect to the period of the carnier. Thus, such a problem
occurs that the control of the time during which the zero
voltage 1s outputted becomes complicated.

Since, 1n this embodiment, the output time (1) of the zero
vector with respect to the period of the carrier 1s secured, the
interval of the switching operations at the initial time point of
the zero voltage interval and the last time point of the zero
voltage interval 1s prevented from being shortened and the
commutation failure can be prevented.

That 1s to say, as shown in FIG. 14, the output interval of the
zero vector 1s equally allocated to each halt period of the
carrier. Hence, the output time (T)) of the zero vector 1s not
extremely shortened so that the commutation failure can be
prevented from occurring.

In addition, the number of times a short pulse 1s struck
when controlling switching elements S,_, S, ,S_,S_ .S, .S,
can be reduced so that such an inconveniences that a load 1s
concentrated on the switching elements and applied to the
switching elements can be prevented. Furthermore, 1n this
embodiment, duties of the switching signals when perform-
ing the PWM control and the switching pattern can freely be
set. It should be noted that FI1G. 14 shows a graph for explain-
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ing the relationship between the carrier and the output times
(T,, T,, T ) and shows a time characteristic of the output
voltage of matrix converter 4.

In addition, 1n this embodiment, the output time (1) 1s set
to a time duration which 1s a subtraction result of the output
times (1, 'T,) from the time corresponding to the half period
of the carrier. Thus, since the output time (T ) of the zero
vector 1s provided, the interval of the switching operations
between the switching operation at the first (initial) point of
time of the output time (T ) of the zero vector and the switch-
ing operation at the last time are secured. Hence, the overlap
of the switching operations between the first time point of the
output time (1) and the last time point of the output time (T))
1s prevented so that the commutation failure can be prevented.

In addition, 1n this embodiment, the switching elements are
controlled through the output time (T,) during which one
switching element from among the switching elements
included 1n the upper arm circuit 1s turned on and one switch-
ing element from among the switching elements included 1n
the lower arm circuit 1s turned on and the output time (T,)
during which another switching element from among the
switching elements included 1n the upper arm circuit1s turned
on and another switching element from among the switching
elements included 1n the lower arm circuit 1s turned on. Thus,
since the output time of the zero vector 1s secured, the overlap
ol the switching operations between the first time point of the
output time of the zero vector and the last time point thereof
can be avoided. Consequently, the commutation failure can
be prevented.

In addition, 1n this embodiment, the output as time (T, ) 1s
a time before the output time (T,) at the first (1nitial) half
period ol the carrier and the output time (T, ) 15 a time after the
output time (T ,) at the last half period of the carrier. This can
achieve an equalization of the output time of the zero vector
according to a plus side and a minus side of the output voltage
of matrix converter 4.

In addition, in this embodiment, the output times (1, T,,
T ) are calculated from the transformed voltages by coordi-
nates transforming section 11, switching pattern table 14 1s
referred, and the switching elements (S, , S, S, ., S_, S,
S_ ) are controlled through the switching pattern correspond-
ing to the converted voltage phase. Thus, since the output time
(T,) of the zero vector 1s secured, the commutation failure can
be prevented.

It should be noted that, 1n this embodiment, with the sum-
mit (point) of the valley of the carrier as the start point, the
output times (T,, T,) of the two voltage vectors are first
arranged and, subsequently, the output time (1) of the zero
vector 1s arranged. However, 1t 1s not always necessary to
arrange the output times in this sequence.

For example, as shown 1n FI1G. 15, for the half period of the
carrier, the time (T /2) half of the output time (1) of the zero
vector may be arranged, subsequently, the output times (1,
T,) of the two voltage vectors may be arranged, and, finally,
the time (T,/2) half of the remaining output time (1) may be
arranged.

In addition, in this embodiment, the output times (T,, T,)
and the output time (1) are allocated so as to correspond to
the half period of the carrier. However, it 1s not always nec-
essary to correspond to the half period of the carrier. These
output times may correspond to be shorter than the half period
of the carrier or, alternatively, to be longer 1s than the half
period of the carrier.

In addition, a predetermined lower limit time in space
vector modulating section 12 1s not always a time shorter than
the halt period of the carrier but may be a time shorter than the

time partially corresponding to the period of the carrier.
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In addition, 1n this embodiment, the output times (T, T,)
are controlled to output the two voltage vectors (V, through
V) per half period of the carrier. The voltage vectors are not
always the two voltage vectors (V, through V) but may be a
single voltage vector (V, through V) or, alternatively, three
voltage vectors (V, through V). In addition, the switching
pattern shown 1n FIG. 8 1s merely one example. Another
pattern of the voltage vectors and the zero vectors may be
replaced and another switching pattern to output the voltage
vectors and the zero vectors may be used.

Above-described matrix converter 4 corresponds to a con-
version circuit according to the present mvention, voltage
sensors 31 through 33 correspond to voltage detecting means,
controller 10 corresponds to control means, space vector
modulating section 12 and zero vector time calculating sec-
tion 13 correspond to switching time calculating section,
switching signal generating section 15 corresponds to a con-
trol signal generating section, the output times (1',, T,) cor-
respond to a first switching time, the output time (T ) corre-
spond to a second switching time, switching pattern table 14
corresponds to a table, and coordinates transforming section
11 corresponds to coordinates transforming means.

The mvention claimed 1s:
1. An electric power conversion device, comprising:
a conversion circuit having plural pairs of bi-directionally
switchable switching elements connected to respective
phases, the conversion circuit being configured to con-
vert an inputted alternating current electric power into an
alternating current electric power;
voltage detecting means for detecting input voltages to the
conversion circuit; and
control means for switching on and oif the switching ele-
ments to control the conversion circuit,
wherein the control means comprises:
a switching time calculating section configured
to calculate a first switching time during which one of
switching elements of an upper arm circuit of the
plural pairs of switching elements 1included 1n one
phase from among the respective phases 1s turned on,
the other switching elements of the upper arm circuit
of the plural pairs of switching elements included in
the other phases are turned off, at least one of switch-
ing elements of a lower arm circuit of the plural pairs
of switching elements included in the other phases 1s
turned on, and the other switching elements of the
lower arm circuit of the plural pairs of switching
clements included in the one phase are turned off
using the detected voltages detected by the voltage
detecting means and an output command value and

to calculate a second switching time during which the
plural pairs of switching elements included 1n the one
phase from among the respective phases are turned on
and the plural pairs of switching elements included in
the other phases from among the respective phases are
turned off using a carrier and the first switching time;
and

a control signal generating section configured to generate
control signals to switch on and off the switching ele-
ments using the first switching time and the second
switching time, and

wherein the second switching time 1s such that, 1n one
period of the alternating current electric power outputted
from the conversion circuit, the second switching time
included 1n a first half period of the one period 1s equal to
the second switching time included 1n a second half
period of the one period.
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2. The electric power conversion device as claimed in claim
1, wherein the second switching time 1s a time which 1s a
subtraction of the first switching time from a time corre-
sponding to the half period of the carrer.

3. The electric power conversion device as claimed 1n claim

1, wherein the first switching time includes:

a third switching time during which one of the switching
clements included in the upper arm circuit 1s turned on
and one of the switching elements included in the lower
arm circuit 1s turned on; and

a Tfourth switching time during which the one switching
clement of at least either one of the upper and lower arm
circuits from among the switching elements included 1n
the upper arm circuit or from among the switching ele-
ments included in the lower arm circuit 1s turned off and
another switching element of the one arm circuit 1s
turned on.

4. The electric power conversion device as claimed 1n claim

3, wherein the third switching time included 1n the first half
period 1s a time before the fourth switching time and the third
switching time included in the second half period 1s a time
alter the fourth switching time.

5. The electric power conversion device as claimed 1n claim

1, wherein the control means further comprises:

a coordinates transforming section configured to perform a
rotary coordinates transformation for the detected volt-
ages detected by means of the voltage detecting means;
and

a table representing a relationship between a phase angle
and a switching pattern of the switching elements, the
switching time calculating section calculates the first
switching time on a basis of the phase obtained from the
voltages of the rotary coordinates system transformed
by the coordinates transforming section, and the control
signal generating section generates the control signals to
switch on and off the switching elements through the
switching pattern which 1s made correspondent to the
phase angle of the voltages of the rotary coordinates
system.

6. An electric power conversion device, comprising:

a conversion circuit having plural pairs of bi-directionally
switchable switching elements connected to respective
phases, the conversion circuit being configured to con-
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vert an inputted alternating current electric power mnto an
alternating current electric power;

a voltage detector configured to detect input voltages to the

conversion circuit; and

a controller configured to switch on and off the switching,

elements to control the conversion circuit,

wherein the controller comprises:

a switching time calculating section configured

to calculate a first switching time during which one of
switching elements of an upper arm circuit of the
plural pairs of switching elements included i one
phase from among the respective phases 1s turned on,
the other switching elements of the upper arm circuit
ol the plural pairs of switching elements included in
the other phases are turned off, at least one of switch-
ing elements of a lower arm circuit of the plural pairs
of switching elements included in the other phases 1s
turned on, and the other switching elements of the
lower arm circuit of the plural pairs of switching
clements included in the one phase are turned off
using the detected voltages detected by the voltage
detector and an output command value and

to calculate a second switching time during which the
plural pairs of switching elements included in the one
phase from among the respective phases are turned on
and the plural pairs of switching elements included in
the other phases from among the respective phases are
turned off using a carrier and the first switching time;
and

a control signal generating section configured to generate

control signals to switch on and off the switching ele-
ments using the first switching time and the second
switching time, and

wherein the second switching time 1s such that, 1n one

period of the alternating current electric power outputted
from the conversion circuit, the second switching time
included 1n a first half period of the one period 1s equal to
the second switching time included 1n a second half
period of the one period.
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